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1.1 ?????????
????????????????????????????????????????
????????????????????????????????????????
????CMOS FET (Complementary Metal-Oxide-Semiconductor Field-Eﬀect Transistor)
???????????????CMOS??????????????????????
????????????????????????????LSI (Large-Scale Integration)
??????????????????????????????????????LSI?
????????? 18????? 2???? [32]?[42]?????1970??? 1,000???
? LSI????????????1990??? 100??2010??? 10??????????
??????????????? 1965??? LSI??????????????????
???
????????? 1990??????????????????? 1????????
SoC (System on a Chip)????????????????????????????SoC
?????????????????????????????????????????
??????????????SoC??????????? IP?????????????
?????????????????A/D??????????????? IP?????
? SoC?????? IP????????????SoC????????????????
??????????SRAM (Static Random-Access Memory)?????????????
SRAM??????????????????????????????SRAM????
????????????????????????????????????????
????????????????????????????? [40]???? SoC???
1
? 1? ??
? 1.1: ?????? [29, 30]?
SRAM DRAM PCM ReRAM MRAM
????? 120–200F 2 6–10F 2 4–12F 2 4–10F 2 6–50F 2
?????? 5ns 50ns 50ns 10ns 10ns
?????? 5ns 50ns 500ns 50ns 50ns
?????? 1016 1016 108–109 1011 1016
????? ? ? 0 0 0
?????? ? ? ? ? ?
?????? ? ? ? ? ?
? SRAM??????? 50%???????????????????????????
? [13]????SoC????????????????????????? SRAM???
??????????SoC?????????????????????????? [4]??
???SoC??????????????????????SoC????????????
?????????????????????????????????SoC??? (??
???)?????????????DRAM (Dynamic Random-Access Memory)????
???DRAM???????????????????????????DRAM????
????????????????????????????????????? [25,28]?
?????????????????????????????????????????
???????????????????? [27]?
?????????????????????????? IoT???????????
?????[58]?????2014??????? IoT?????????? 94??????
2020???? 190??????????????? IoT???????????????
?????????????????????????? IoT????????????
????????????????????????????? [19, 49]????????
SRAM/DRAM?????????????????????????SRAM/DRAM??
????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????? [39]???????????
2
? 1? ??
??????????
??????????
???
?????
??????
???????
??????
??????
???????
? 1.1: MRAM????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????
???????????PCM (Phase-Change Memory;??????) [36]?ReRAM (Re-
sistive Random-Access Memory; ???????) [33]?MRAM (Magnetoresistive Random-
Access Memory; ???????) [52]????? 1.1??????????? [29,30]?PCM
??????????????????????????? 2?????????????
?????????????????????????????????????????
????????ReRAM?????????????????????????????
?????1???????????????????????????????????
?????????MRAM????????????????????????????
????MRAM?????????????????????????????????
MRAM????? 1.1????MRAM??????MTJ (Magnetic Tunneling Junction;
????????)??????? 2??????????????2??????????
???????????????????????????????????? (????
??????)??????????????????????????????????
3
? 1? ??
?????????????????????????????????????????
??????????????????????MRAM???????????????
???????????????????MTJ???????????????????
????????? (???)?????????????????????????? (?
?)?????????????????????????????? 2???? 1? 0?
??????MRAM???????????????????????????????
?????????????????????????????????????????
????????
MRAM????????????????? 2?????????1????????
?????????????????????????????????????????
?????????????????????????????????????????
2?????????????????????????????????MRAM???
??? [7]????????????????????????????????????
???
?????????????????MRAM????????????????SRAM
???????????????DRAM??????????????????????
?????????????????????????????????????????
???MRAM????????2016????? SK Hynix? 4Gb???????????
Samsung? 8Mb???????????????? [9,41]???????MRAM????
?????????????????????????????????????????
??????????????????????????????????MRAM???
????MRAM??????????????????????????? 1?????
?????????????????????????????????????????
???????? [16, 17, 30]?????MRAM???????????????????
?????????????????????????????????????????
??????????????
???????????????????????????? 3???????????
4
? 1? ??
? 1.2: MRAM?????????????????????? [15]?
?????????????????????????????????????????
???????????? [46]??????MRAM??????????????????
? 1.2?MRAM??????????????????????????? 1.2?????
?????????????????????????????????????????
????MRAM?????????? 10−6??????? [15]????????????
?????????????????????????????????????????
?????????????????????????? [3,50]?????????????
????????????????????? [37,43]?????????????????
????????????????????????????? [2, 11, 47]????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????????? [14]?BCH?? [5]????????
?????????????????????????????????????????
?????????????????????????????????????????
5
? 1? ??
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????MRAM??????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????? [8, 44, 51, 59]????
MRAM?????????????????????????????????Early Write
Termination????????????????????????????????????
?????????????????????????????????????????
???? [51]?Flip-N-Write??????????? 1????????????? [8]??
????? 1??????????????????? 0????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????? [59]?????????????????????
??????????????????????????????????????? [44]?
??????????????????????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????? 1.2
????????????????????? 0000000? 1111111? 7?????????
????????????????????????????????? 7???????
????????????????????????????????? 3.5??????
????? 7???????????????
????????????????????????????????????????
?????????????????????????????????????????
6
? 1? ??
? 1.2: ????????????????
? ??? ? ???
0000 0000000 1000 1000011
0001 0001111 1001 1001100
0010 0010110 1010 1010101
0011 0011001 1011 1011010
0100 0100101 1100 1100110
0101 0101010 1101 1101001
0110 0110011 1110 1110000
0111 0111100 1111 1111111
? 1.3: ?????/??????????????????????????
?????????????????????????????????????????
??????????????? 2?????????????????????????
?????????????????????????????????????????
?????????? 1.3(a)?????????????????????????? 1.3(b)
?????????????????????????????? [31]?
? 1.3(a)????????????????????????????????????
7
? 1? ??
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????? 1? 1????????
??????????????????? 1.3(b)???????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????? 1???????????????
?????????????
????????????????????????????????????????
? (MRAM)???????????????????????????????????
??????????????????????????????????????????
MRAM? SRAM/DRAM???????????????????????? [34,45]?
?????????????????????????????????????????
?????????????????????
1.2 ??????
????????????????????????????????????????
????????????????????????
???? 7??????????????????????
? 2???????????????????????????????????
? 3??????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????????????
? 4??????????????????????????????????????
8
? 1? ??
?????????????????????????????????????????
?????????????????????????????????????????
????????????
? 5??REC?????????????????????????????????
???REC???????????????????????????????REC??
?????????????????????????????????????????
????????
? 6??Relaxed-REC??????REC????????????????????
????Relaxed-REC???????????????????????????????
Relaxed-REC???????????????????????????????????
???????????????????
? 7??????????????????????????????????????
????????????????????
9
?2? ????
2.1 ?????
????????????????????????????????????????
??????????????????????? Early Write Termination [51]?Flip-N-
Write [8]???????????????? [59]????????? [44]????
????????????????????????????????????????
??? [14]????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????
2.2 ?????????????????
????????????????????????????????????????
?????????????????? [8, 44, 51, 59]????Early Write Termination??
?????????????????????????????????????????
?????????????????????????????????????? [51]?
Flip-N-Write???????????? 1????????????? [8]??????? 1
??????????????????? 0?????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????? [59]??????????????????????????
??????????????????????????????????? [44]?
10
? 2? ????
(a) ?????????? (b) Early Write Termination???????????
? 2.1: ????????? (a)? Early Write Termination??????????????
(b)????
????????????????????????????????????????
?????????????????????
2.2.1 Early Write Termination
Early Write Termination????????????????????????????
????????????????????????????????????????
????????????? [51]??????????????? 2.1(a)??Early Write
Termination???????????????? 2.1(b)????? 2.1(a)?????????
?????????????????????????????????????????
?????????????? 3???????? 2.1(b)????Early Write Termination
??????????????????????????????????????????
?????????????? 1????????????????????????Early
Write Termination??????????????????
11
? 2? ????
? 2.2: ?????????????
2.2.2 Flip-N-Write
Flip-N-Write??????????????????????????????????
???????? [8]??????????? 1???????????????????
?????????????????? 0??????????????????????
???????????? 1????????????????????????????
?????????????????????????????????????????
???????????????????????? 2.2????? 2.2??????? 001
???????????????? 110???????????????????????
3????? 2.3?????? Flip-N-Write?????????????? 110?????
? 0??????? 1100?????? 1??????? 0011? 2????????????
? 2.4?????? Flip-N-Write?????????????????????? 1???
????????????? 1??????????
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? 2? ????
? 2.3: ?????????? Flip-N-Write??????????????????
入力
!!"
メモリ
!"
#$
%!
&
%!
#$
%!
& 出力
!!"!!"!
入力
""!
メモリ
!"
#$
%!
&
%!
#$
%!
& 出力
""!!!""
'ビット
? 2.4: Flip-N-Write??????????????????
13
? 2? ????
? 2.1: 3?????????????????? 7???????????
? ???
000 0000000
001 0000001
010 0000010
011 0000100
100 0001000
101 0010000
110 0100000
111 1000000
? 2.5: ?????????????????????????????????
2.2.3 ???????????????
????????????????????????????????????????
?????????????? [59]?? 2.1? 3????????? 7?????????
??????????????????????????? 2?????????????
???????????????????????????? 2.5????? 2.2????
??? 001???????????????? 110??????????????????
????? 3????? 2.5????????????????????????????
????????????????????? 2???????????????????
???????????? 2??????????
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? 2? ????
2.2.4 ????????
????????????????????????????????????????
???????????????????? [44]???????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????
Step1: ?????????????????????????
Step2: ????????? 1? 1?????????????????? n??????
? t????????????????
Step3: ???????????????????? 1????????????????
??????????????????????????????????????
?????????????????
???????? n???? k??????? t????(n, k, 2t + 1)????????
(n, n− k, t)???????????????t????????????????????
????????????????????????? t??????????
? 2.6? (7, 4, 3)???????? (7, 3, 1)??????????????????(7, 4,
3)??????? 16?????????1??????????????????????
0????? 1???????????????????? 8?????????????
???????????????????? 1? 1?????????????? 8????
(7, 4, 3)???????????????????????16????????? 8???
?????????????????????????????????????????
???? 128???????????????????????????????????
????????????????????? 1??????????
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? 2? ????
??????? ??????? ??? ??????? ???????
??????? ??????? ??????? ??? ??????? ???????
??????? ??????? ??????? ??? ??????? ???????
??
??
?
??
??
?
??
??
?
??
??
?
??
??
?
??????? ??????? ??????? ??? ??????? ???????
??????? ??????? ??????? ??? ??????? ???????
???????
????????????????????????????????????
??????
??????
??????
??????
????????????
??????????????????
?????????????
? 2.6: (7, 4, 3)???????????????????????
16
? 2? ????
!!
!!! """
!#
"$ビット
ハミング距離
"#$%!!$%$!"&$'$(
誤った
符号語
!!"
訂正可能
? 2.7: ?????????
2.3 ???????????
????????????????????????????????? V ?????
????? vi, vj ????vi? vj ???????? dH(vi, vj)????vi????????
wH(vi)????
?? (??)???????????????????????? (???)??????
?????????????????????????????????????????
????????????? 2t+ 1????t???????????????? V ???
??????? dmax(V )?????????? dmin(V )????
? 2.7???????????????? v0 = {000}???? v1 = {111}??????
?? 3??????dH(v0, v1) = 3??????? v0? 3???????????????
??????????? 001???????????? v0?? 1????????????
?????? v1?? 1???????????????????????????????
?????????
????????????????????????????????????????
?????? 3??? 1??????????????????? [14]????m????
??
17
? 2? ????
???? [???]?n = 2m − 1
???? [???]?k = n−m
????????? (n, k, 3)??????????
?????? [14]? BCH?? [5]????????????????????????
?????????????????????????????????????????
??????(7, 4, 3)????????????????????? 7??????????
?????????????????????????????????????????
??????????????(7, 4, 3)????????????????????1??
????????????????? 3.5???????
2.4 ??????
???????????????????????????????????????
?????????????????????????????????????? Early
Write Termination?Flip-N-Write??????????????????????????
?????????????????????????????????????????
??????????
????????????????????????????????????????
?????????????????????????????????????
???????????????????????????????????????
???
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?3? ??????
3.1 ?????
????????????????????????????????????????
???1?????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????????????
35.7%?????
????????????????????????????????????????
???????????????????????????
3.2 ????????????????????????
?????????????????????????????????????????
?? 1???????????????????????????????????????
????????????????????????????????????? 1????
?????????????????????????????????????????
???????? 3.1???. ??????????????????????? o? 1??
?????????? 2t+1???????DN(o)????????? dmax(DN(o)) ≤ 2o
????????? dmin(DN(o)) ≥ 2????????????
?? 3.1. ??? 2o+1???????DN(o)????????? dmax(DN(o)) ≤ 2o??
??????? dmin(DN(o)) ≥ 2????????????
1?????? [20, 22, 53,54]????
19
? 3? ??????
? 3.1: ??????????
??? 2o+ 1
??? 2o
???? 22o
???????? 2o
???????? 2
? 3.2: ??????DN(2)?
? ??? ? ???
0000 00000 1000 10001
0001 00011 1001 10010
0010 00101 1010 10100
0011 00110 1011 10111
0100 01001 1100 11000
0101 01010 1101 11011
0110 01100 1110 11101
0111 01111 1111 11110
?? 3.1. ????????????????????????????????????
??????? vi? vj??????????? dH(vi, vj)???????????????
??????????? vi???????????????????????wH(vi) = 2w
???????????????????vj ? vi???? 2s + 1???????????
??vi????????? 0?m???????? 1? 2s + 1−m???????vj??
??????wH(vj) = 2w +m− (2s + 1−m) = 2(w +m− s)− 1??????????
???????????????????2(w +m− s)− 1??????????????
??????????????????????????????????? 2o+1???
???????????????????????? 2o??????????????? 2
???????????????????????????????????? ✷
? 3.1. ??????DN(2)?? 3.2???????? 3.3????
20
? 3? ??????
? 3.3: ??????DN(2)????
??? 5
??? 4
???????? 4
???????? 2
3.3 ??????
??? 2o + 1???????????????????????? 2o????????
?? 2?????????? 2o + 1????????????? 2o??????????
????????????????????????? 3???????????????
??????????????????????
????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????? 3.1?????
?????????
Step 1: ???????????A?????????A? nA????????????
?A = {A1, A2, A3, . . . , AnA}???????Ai????????????Ai???
??????A?????????A?A = {A1, A2, A3, . . . , AnA}???????A
???????????? n????
Step 2: ??? ne???????????ne???????????????
Step 3: p ∈ {0, 1, 2, . . . , ⌊ne/2⌋}????????? p????????????????
Step 4: p??A? (ne− p)??A?????????????????????? ne× n
???????????? nA????
Step 5: p < ⌊ne/2⌋????Step 3??????????????????????? neCp
????
p = ⌊ne/2⌋????????????????????????? ne??????
neCp, ????? neCp/2????????????? 2ne−1????
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? 3.1: ???????
??????????? nA × 2ne−1???????????????????????
??????? n????? k?????????????? nen????? k + ne − 1?
???
????????Gj?Gj????????????????Gj??????????
??????????A????? p = ⌊ne/2⌋???????????Gj???????
?????????Gj????????????Gj?? k???????Xjk ∈ Gj????
? 3.2. ??? 3?????????????? ne = 3????????????????
?? 3.2??????? 3.4.2??????
22
? 3? ??????
!!!
!""
"!"
""!
リスト#!
グループ#"
拡張数#"#$%
グループ#$
符号語#&'''('!!!!!!!!!)
!!"$*
)
符号語#&'''('!""!""!"")+
符号語#&'''('"!""!""!")%
符号語#&'''('""!""!""!)*
!!!
!""
"!"
""!
リスト#!
!!!
!""
"!"
""!
リスト#!
!!!
!""
"!"
""!
リスト#!
!!!
!""
"!"
""!
リスト#!
!!!
!""
"!"
""!
リスト#!
!!!
!""
"!"
""!
リスト#!
!!!
!""
"!"
""!
リスト#!
"""
"!!
!"!
!!"
リスト#!
"""
"!!
!"!
!!"
リスト#!
!!!
!""
"!"
""!
リスト#!
!!!
!""
"!"
""!
リスト#!
"""
"!!
!"!
!!"
リスト#!
グループ#%
グループ#&
符号語#&'''('!!!!!!"""+)
符号語#&'''('!""!"""!!++
符号語#&'''('"!""!"!"!+%
符号語#&'''('""!""!!!"+*
符号語#&'''('!!!"""!!!%)
符号語#&'''('!"""!!!""%+
符号語#&'''('"!"!"!"!"%%
符号語#&'''('""!!!"""!%*
符号語#&'''('"""!!!!!!*)
符号語#&'''('"!!!""!""*+
符号語#&'''('!"!"!""!"*%
符号語#&'''('!!"""!""!**
符
号
語
数
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!"#$#%#%#%#%#%#$
!&##$#%#%#%#%#%#$
反転箇所 反転箇所
'(#$#)
'*#$#+
%,#%,#%,#%,#%,
%'%##%'%# #%'%# #%'%# #%'%##
%,#%,#%,#%,#%,
…
…
%'%##%'%# #%'%# #%'%# #%'%##
? 3.3: ???? nr???ne = 5??
?????????????????????
?? 3.2. ???????????A???????????? n ??????Ai?Aj?
????dH(Ai, Aj) = m????????Gk?????Gl????????? nr????
? 3.3????? nr??????Gk?Gl???????????????????????
????????????? 4???????????????????????????
????? nr? 2????????????????? ne?????Gk????????
1??Xki?????Gl???????? 1??X lj????Xki ?X lj?????????
?????
dH(X
k
i , X
l
j) = nr × (n− 2m) + nem (3.1)
?? 3.2. ???A?????dH(Ai, Aj) = m????????Ai????????Aj?
??? dH(Ai, Aj) = n−m????????????????ne????????????
nr??????????????? (ne−nr)?????????????????????
??????? nr× dH(Ai, Aj) = nr(n−m)?????????????????????
?????????? (ne−nr)×dH(Ai, Aj) = m(ne−nr)???????????????
??????????????? dH(Xki , X lj) = nr(n−m)+m(ne−nr) = nr(n−2m)+nem
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? 3? ??????
???? ✷
?? V ???? ne???????????E(V, ne)????????E(V, ne)????
? (3.1)??????????????????????????
3.3.1 ????????
???? E(V, ne)????????????????? V ?????????????
??? dmax(V )??????????? 3????????????
1. ????? 2?????Xki , Xkj (i ̸= j)?????Xki?Xkj ????????Gk??
???????????? nr = 0????m??????????????????
?????? (3.1)?m = dmax(V )???????dH(Xki?Xkj ) = nr(n− 2dmax(V )) +
nedmax(V ) = nedmax(V )????
2. ????? 2?????Xki , X li (k ̸= l)?????Xki?X li ????????????
??????? vi???? vi???????????dH(vi, vi) = 0???????
(3.1)?m = 0???????dH(Xki , X li) = nr(n− 2m) + nem = nrn???????
??????????? nr = ⌊ne/2⌋???????????? n× ⌊ne/2⌋????
3. ????? 2?????Xki , X lj (i ̸= j, k ̸= l)?????? (3.1)???dH(Xki , X lj) =
nr(n− 2m) + nem????nem ≥ 2nrm??????m?????????????
??????m = dmax(V )???????nr(n− 2dmax(V )) + nedmax(V )????
n > 2dmax(V )????nr???????????????????nr = ⌊ne/2⌋??
???????????? ⌊ne/2⌋(n− 2dmax(V )) + nedmax(V )??????????
? ne = 1????dmax(V )????ne > 1????n??????
n < 2dmax(V )????nr???????????????????nr = 1????
?????????? (n− 2dmax(V )) + nedmax(V ) < nedmax(V )????
n = 2dmax(V )????nr????????????? nedmax(V )????
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? 3? ??????
????????????E(V, ne)????????????????? (3.2)????
???
dmax(E(V, ne)) = max{nedmax(V )?n× ⌊ne/2⌋?nr(ne − 2dmax(V )) + nedmax(V )} (3.2)
3.3.2 ????????
???? E(V, ne)????????????????? V ?????????????
??? dmin(V )??????????? 3????????????
1. ????? 2?????Xki , Xkj (i ̸= j)?????Xki?Xkj ????????Gk???
???????????nr = 0????m?????????????????????
? (3.1)?m = dmin(V )???????dH(Xki?Xkj ) = nr(n−2dmin(V ))+nedmin(V ) =
nedmin(V )????
2. ????? 2?????Xki , X li (k ̸= l)?????Xki?X li ????????????
??????? vi???? vi???????????dH(vi, vi) = 0???????
(3.1)?m = 0???????dH(Xki , X li) = nr(n − 2m) + nem = nrn????Gk?
Gl?????????????nr??????????? nr = 1????????
???? dH(Xki?Xkj ) = n????
3. ????? 2?????Xki , X lj (i ̸= j, k ̸= l)?????? (3.1)???dH(Xki , X lj) =
nr(n− 2m) + nem????nem ≥ 2nrm??????m?????????????
??????m = dmin(V )???????nr(n− 2dmin(V )) + nedmin(V )????
n > 2dmin(V )????nr???????????????????nr = 1?????
????????? (n− 2dmin(V )) + nedmin(V ) > nedmin(V )????
n < 2dmin(V )????nr???????????????????nr = ⌊ne/2⌋??
???????????? ⌊ne/2⌋(n − 2dmin(V )) + nedmin(V )??????????
? ne = 1????dmin(V )????ne > 1????n??????
n = 2dmin(V )????nr????????????? nedmin(V )????
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? 3? ??????
????????????E(V, ne)????????????????? (3.3)????
???
dmin(E(V, ne)) = min{nedmin(V )?n} (3.3)
3.4 ????????????????????
3.2????????? n = 2o+1???????DN(o)??????????????
????????? dmax(DN(o)) = 2o?dmin(DN(o)) = 2??????????DN(o)?
?????????????????????????????????????????
???????????????????????E(DN(o), ne)???????????
??????????????????????????????
3.4.1 ?????????????????
? (3.2)? n = 2o+ 1????????? dmax(V ) = 2o???????????????
E(DN(o), ne)????????? dmax(E(DN(o), ne))????
dmax(E(DN(o), ne)) = max
{
2one?
⌊ne
2
⌋
(1− 2o) + 2one
}
(3.4)
1− 2o < 0????2one > ⌊ne/2⌋(1− 2o) + 2one????
???????????????????
dmax(E(DN(o), ne)) = 2one (3.5)
? (3.3)? n = 2o + 1????????? dmin(V ) = 2???????????????
E(DN(o), ne)????????? dmin(E(DN(o), ne))????
dmin(E(DN(o), ne)) = min{2ne?2o+ 1} (3.6)
?????????????????? 3.4??????
27
? 3? ??????
? 3.4: ????????????
??? ne(2o+ 1)
??? 2o+ ne − 1
???? 22o+ne−1
???????? 2one
???????? min{2ne, 2o+ 1}
3.4.2 ????????
????????E(DN(o), ne)?????????????????????????
???????????? {
dmax(E(DN(o), ne)) = 2one
dmin(E(DN(o), ne)) = 2ne
(3.7)
{
dmax(E(DN(o), ne)) = 2one
dmin(E(DN(o), ne)) = 2o+ 1
(3.8)
????????????2t+1??? t???????????????dmin(E(DN(o), ne)) =
2o+1????????????E(DN(o), ne)? o??????????????????
(3.7)?? dmin(E(DN(o), ne)) = 2ne??????ne− 1????????????????
???????? 2t+ 1????????????o < ne??????????? (3.8)?
??????
? 3.3. ??? 3???????DN(1)?????ne = 3???????????????
???E(DN(1), 3)??????????2 ?? 3.5?????? 3.6??????? 9??
????????????? 6????????????????????????????
????????? 3??????? 1???????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
2???????????????????????????????????????????????
??????????
28
? 3? ??????
? 3.5: ????????E(DN(1), 3)?
??? ???
? DN(1) DN(1) DN(1) ? DN(1) DN(1) DN(1)
0000 000 000 000 1000 000 111 000
0001 011 011 011 1001 011 100 011
0010 101 101 101 1010 101 010 101
0011 110 110 110 1011 110 001 110
??? ???
? DN(1) DN(1) DN(1) ? DN(1) DN(1) DN(1)
0100 000 000 111 1100 111 000 000
0101 011 011 100 1101 100 011 011
0110 101 101 010 1110 010 101 101
0111 110 110 001 1111 001 110 110
? 3.6: ????????E(DN(1), 3)????
??? 9
??? 4
???????? 6
???????? 3
?????????? 5
????????????????????????? 5??????????
3.5 ?????/???????
??????????????????????????????/??????????
??????????????????/?????????????????????
??????? 4??????????9?????????????4???????
???? 24 = 16????????????????????? 9???× 16 = 144???
????
????? 9????????????4?????????????????????
????????????????????????????????????????
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? 3.7: ?????????????
? ??? ? ???
0000 0000000 1000 1000011
0001 0001111 1001 1001100
0010 0010110 1010 1010101
0011 0011001 1011 1011010
0100 0100101 1100 1100110
0101 0101010 1101 1101001
0110 0110011 1110 1110000
0111 0111100 1111 1111111
? 3.8: ???????????.
???????? ??????
??? 9 7
??? 4 4
???????? 6 7
???????? 3 3
?????????? 5 7
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
24 = 16???????????????????????????????? 0?????
??????? (=?????????)????????? 9???????? 9C0 = 1?
?????????? 1????????????????? 9C1 = 9?????????
?? 2??????????????????????????????????????
?????????? 4???× (16× (9C0 +9 C1)) = 640???????
3.6 ????
?????????????????????????????????????? 3.5
?????????E(DN(1), 3)?????????????? 3.7? (7, 4, 3)?????
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E
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4 !"#
4 !"#
8 !"#
14 !"#
$%&'()!"#* :  
6+6=12 !"#
8 !"#
$%&'()!"#* :  
7+7=14 !"#
? 3.4: ???????????
??????????????2????????? 3.8???????????????
3.4???????????????????????????????????????
???????????? 8??????????????????????????? 4
?????? 4???????????????????????????????? 4??
???? 9?????????????????????????? 4?????? 7??
???????????????????MRAM?????????? [51]??????
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? 3? ??????
??????????????????????????????????? 0????
3.6.1??????????????????????????????????????
????????????3.6.2???????????????????????????
????????????/?????????????????????????????
3.6.1 ????????????
1????????????????????????E(DN(1), 3)? (7, 4, 3)????
???????????????????????????????
2???????????? 11????? 8????????????????????
65,536??????????????????????????????????????
???
Flip1: 8??????????????????? 1?????????????
Flip2: 8??????????????????? 2?????????????
Flip3: 8??????????????????? 3?????????????
Flip4: 8??????????????????? 4?????????????
Flip5: 8??????????????????? 5?????????????
Flip6: 8??????????????????? 6?????????????
Flip7: 8??????????????????? 7?????????????
Flip8: 8?????????????? 8?????????????????????
Mixed Flip1toFlip8: 8?????????????? 1????? 8????????
?????????????
Mixed Flip5toFlip8: 8?????????????? 5????? 8????????
?????????????
Mixed Flip7toFlip8: 8?????????????? 7????? 8????????
?????????????
32
? 3? ??????
? 3.9: ????????????
???????? ??????
????? Flip? ??? ???????? ??? ????????
0000 0000 - 000000000 000000000 - 0000000 0000000 -
0100 1000 Flip2 000000111 000111000 6 0100101 1000011 6
1011 0111 Flip8 110001110 110110001 8 1011010 0111100 14
Flip8?????????????????????????????8????????
???????????????????????????????Flip1??Flip8? 2?
?????????????????????????????
??????????????Flip????????????????????????
?? 3.9??????????????????????????????????? 0000
0000????????? 000000000 000000000????????????????????
??????????????????????????????? 0000 0000??????
??? 0000000 0000000???????????????????2???????????
0100 1000?????????????????????????? 000000111 000111000?
?????????????????? 0100101 1000011???????????????
???????????????????? (Flip?)?????????????????
???2??????????????????Flip2?????????????????
???????????? (????????) ????????????????????
?????????????????????????? 6???????????????
1011 0111?????????????????????????? 110001110 110110001?
?????????????????? 1011010 0111100???????????????
???????????????????? (Flip?) ????????????????
????8?????????????????? Flip8???????????????
?????????????? (????????) ??????????????????
????????????????? 8??????????????????? 14???
????
?????????????????????????????????????????
???????????3.10??????????????????????????????
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? 3.10: ????????: Bw?
???????? [???] ?????? [???]
Flip1 330,584 (1.55) 213,768 (1.00)
Flip2 511,572 (1.48) 344,568 (1.00)
Flip3 590,096 (1.41) 416,564 (1.00)
Flip4 600,572 (1.30) 459,412 (1.00)
Flip5 610,800 (1.18) 515,616 (1.00)
Flip6 576,144 (0.98) 586,840 (1.00)
Flip7 588,432 (0.83) 706,240 (1.00)
Flip8 589,824 (0.64) 917,504 (1.00)
Mixed Flip1toFlip8 514,288 (1.03) 498,752 (1.00)
Mixed Flip5toFlip8 590,234 (0.87) 675,360 (1.00)
Mixed Flip7toFlip8 589,824 (0.73) 806,432 (1.00)
adpcmE (MediaBench) 2,358,295 (1.15) 2,047,028 (1.00)
g721E (MediaBench) 2,481,184 (1.16) 2,129,981 (1.00)
RC4 (Stream Cipher) 590,080 (0.83) 709,888 (1.00)
Blowfish (Block Cipher) 564,096 (0.94) 597,632 (1.00)
?????????????????????????Flip8??????????????
???????? 35.7%???????????????Mixed Flip1toFlip8???????
??????????????????????Mixed Flip5toFlip8?Mixed Flip7toFlip8?
????????????????????????? 12.6%?26.9%?????????
????????????????????? Flip6–Flip8??????????????
???????????????????? Flip1–Flip5???????????????
????????
?????????????????????????????????????????
??????????????????????????????????????????
??????????????????????????MediaBench [26]?SimpleScalar [1]
????????????????????????MediaBench????????? [26]
?????????????????????? [18, 38]???????????????
???????????????? 65,536??????????????????????
???????????????????????????????????
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????????????????????????????????????????
???????????????? 16.5%??????????????????????
???????? 16.9%?????
Bw(EDN)?Bw(Hamming)???????????????????????????
?????????????????????????????????????????
Flip1–Flip8??? Flip?????????????????Rf ?
Rf = Bw(EDN)/Bw(Hamming) (3.9)
????Rf ?? 3.10??????????????????????????????Rf
?? 3.10???Flip5??????????????????Rf?? 3.10???Flip6–Flip7
?????????????????????????????????????????
??????????????????????????Flip?????????????
???????????????????????????????????????Flip
?????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????????
3.6.2 ???????
1????????????????????????E(DN(1), 3)? (7, 4, 3)????
?????????????????????????????/???????????
???????????????????????????????Verilog HDL?????
Synopsys??Design Compiler???????????????????????????
??????????????/??????????????/????????????
?????MRAM?????????????????????????MRAM? 1??
???????? 6.17 × 10−1um2??? [10]????????????????? 3.11?
?????????????????????????????????? 3.12?????
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? 3.11: ???????????????
????? ????
(7, 4, 3)?????? 0 32
????????E(DN(1), 3) 144 640
? 3.12: ???????
????? [um2] ???? [um2] ?? [um2]
?? LUT ?? LUT
(7, 4, 3)?????? 27.5 - 2.1 19.7 49.4
????????E(DN(1), 3) - 88.8 - 394.9 483.7
?????????????????????????????????????????
??? 9.8??????
?????????????????????????? 100MHz?MRAM??????
MRAM? 1???????????????Er? 1.06×10−15J/bit?????????Ew
? 2.60× 10−12J/bit??? [10]?Nw ?Nr?Bw???????????????????
?????????????????????????Nw?Nr? SimpleScalar [1]???
??????Nw?Nr?? 3.13????Bw??????????????? 3.10????
???Lc??????????????????????????
???????Et?? (3.10)???????
Et = {Nr × (Lc × 2)× Er}+ (Bw × Ew) + Eo (3.10)
?????????????????????????????????????????
????????Eo???????/????????????????????????
???????????? (3.11)?????????????????? (3.12)?????
?????
Eo = 2×Nw × Lc × Er + 2×Nr × k × Er (3.11)
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? 3.13: ???????????????Nw???????????Nr?
??????????: Nw ??????????: Nr
Flip1 65,536 0
Flip2 65,536 0
Flip3 65,536 0
Flip4 65,536 0
Flip5 65,536 0
Flip6 65,536 0
Flip7 65,536 0
Flip8 65,536 0
Mixed Flip1toFlip8 65,536 0
Mixed Flip5toFlip8 65,536 0
Mixed Flip7toFlip8 65,536 0
adpcmE 450,692 147,756
g721E 482,019 162,925
RC4 65,536 65,536
Blowfish 65,536 65,536
Eo = 2×Nw × (dE × Pdynamic,E + Pleakage,E/100MHz)
+ 2×Nr × (dD × Pdynamic,D + Pleakage,D/100MHz)
+ 2×Nr × k × Er (3.12)
? (3.11)??????????????/???????????????????????
????????????? (3.12)???dE? dD??????????????????
?????Pdynamic,E?Pdynamic,D?????????????????????Pleakage,E?
Pleakage,D?????????????????????dE×Pdynamic,E?dD×Pdynamic,D???
???????/?????????????????Pleakage,E/100MHz?Pleakage,D/100MHz
??????????/???????????????? [6]?????????????
????????????????????????????? 3.14??????????
???????????/?????????????????????????????
?????
????????????????????????????????????????
37
? 3? ??????
? 3.14: 4????????????????????????????
???????? ??????
????? ???? ????? ????
?????????? [ns] - - 0.57 0.29
???????? [µW] - - 8.20 0.31
????? [µW] - - 0.23 0.018
? 3.15: ????????????
???????? [nJ] ?????? [nJ]
??? ??? ??????? ?? ??? ??? ??????? ??
Flip1 0.0 859.5 1.3 860.8 (1.54) 0.0 555.8 0.9 556.7 (1.00)
Flip2 0.0 1330.1 1.3 1331.3 (1.48) 0.0 895.9 0.9 896.8 (1.00)
Flip3 0.0 1534.2 1.3 1535.5 (1.41) 0.0 1083.1 0.9 1084.0 (1.00)
Flip4 0.0 1561.5 1.3 1562.7 (1.30) 0.0 1194.5 0.9 1195.4 (1.00)
Flip5 0.0 1588.1 1.3 1589.3 (1.18) 0.0 1340.6 0.9 1341.5 (1.00)
Flip6 0.0 1498.0 1.3 1499.2 (0.98) 0.0 1525.8 0.9 1526.7 (1.00)
Flip7 0.0 1529.9 1.3 1531.2 (0.83) 0.0 1836.2 0.9 1837.1 (1.00)
Flip8 0.0 1533.5 1.3 1534.8 (0.64) 0.0 2385.5 0.9 2386.4 (1.00)
Mixed Flip1toFlip8 0.0 1337.1 1.3 1338.4 (1.03) 0.0 1296.8 0.9 1297.7 (1.00)
Mixed Flip5toFlip8 0.0 1534.6 1.3 1535.9 (0.87) 0.0 1755.9 0.9 1756.8 (1.00)
Mixed Flip7toFlip8 0.0 1533.5 1.3 1534.8 (0.73) 0.0 2096.7 0.9 2097.6 (1.00)
adpcmE 1.4 6131.6 9.9 6142.8 (1.15) 1.1 5322.3 7.0 5330.3 (1.00)
g721E 1.6 6451.1 10.6 6463.2 (1.16) 1.2 5538.0 7.5 5546.6 (1.00)
RC4 0.6 1534.2 1.8 1536.6 (0.83) 0.5 1845.7 1.5 1847.7 (1.00)
Blowfish 0.6 1466.6 1.8 1469.1 (0.94) 0.5 1553.8 1.5 1555.8 (1.00)
???????????? 3.15????Flip1–Flip8??????????????????
?????????????????????????????????????Flip8??
????????????????????? 35.7%????????????MediaBench
????????????????????????????????????????
???????????????????????????????
???????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????? Flip6–Flip8?????
?????????????????????????????? Flip1–Flip5?????
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? 3? ??????
???????????????????
3.7 ??????
????????????????????????????????????????
????????????
????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????????
???????????????????????????????????
????????????????????????????????????????
???????????????/?????????????????????????
?????????????????????????????????????????
???????????????????? 35.7%??????????????????
????????????????????????????
39
?4? ?????
4.1 ?????
????????????????????????????????1???????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????? 56.8%?????
????????????????????????????????????????
???????????????????????
4.2 ?????????
???????? 7??????? 4???????????? 3?????? (7, 4, 3)?
????? [14]????????????????(7, 4, 3)??????????? 4??
???????????? 4.1?????? 1? 1??????(7, 4, 3)????????
??????????????? 4???????? [35]???????????????
???? 3???????????????? 1???????? 4.1? (7, 4, 3)????
???????????????16?????????????????????????
??????????????(7, 4, 3)????????????????????????
??? 0000000??????????????? 2??????????????????
??(7, 4, 3)??????????? 0000000???????? 0???????? 1???
?????????? 0000000???????? 3???????? 6??4???????
? 8??7???????? 1???????????????????????????
1?????? [56, 57]????
40
? 4? ?????
? 4.1: (7, 4, 3)????????????????
? ??? ? ???
0000 0000000 1000 1000011
0001 0001111 1001 1001100
0010 0010110 1010 1010101
0011 0011001 1011 1011010
0100 0100101 1100 1100110
0101 0101010 1101 1101001
0110 0110011 1110 1110000
0111 0111100 1111 1111111
?????????? 3.5??????????? 7???????????????
(7, 4, 3)????????????????????????????????????
?????????????????????????????????????????
?????????????(7, 4, 3)?????????????????? 10?????
??10???????? 7???? (7, 4, 3)????????????????? 7???
??????????? 3???????????
Step 1: ??????????????????????????(7, 4, 3)???????
16??????????????
Step 2: ?????? 0???????? 1?????? 2??????????????
???1??????? 2???????????????????????????
??????????????????????????????? (7, 4, 3)???
??????? 0000000????????????? 000? 111?????????
?????? 0000000000? 0000000111?????????????? 16?????
????????????? 32????????????
Step 3: ??????? 32?????????????????????? 000?????
?????? 4????????????? 111??????????? 4?????
?????????????????? 0101??????? 0101101000? 1010010111
????
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? 4? ?????
? 4.1: (7, 4, 3)????????????
????????????????????????(7, 4, 3)????????????
??????????????????? 4.2????(7, 4, 3)????????????
????????????????????????????
?? 4.1. t????????????????????????????????????
?????? 2t+ 1???????
?? 4.1. ????????????????????????????????????
?????????????????????????????????????????
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? 4? ?????
? 4.2: (7, 4, 3)??????????????????????????????
? ??? ? ???
??? ??? ??? ???
0000 0000000 000 0000 1111111 111
0001 0001111 000 0001 1110000 111
0010 0010110 000 0010 1101001 111
0011 0011001 000 0011 1100110 111
0100 0100101 000 0100 1011010 111
0101 0101010 000 0101 1010101 111
0110 0110011 000 0110 1001100 111
0111 0111100 000 0111 1000011 111
1000 1000011 000 1000 0111100 111
1001 1001100 000 1001 0110011 111
1010 1010101 000 1010 0101010 111
1011 1011010 000 1011 0100101 111
1100 1100110 000 1100 0011001 111
1101 1101001 000 1101 0010110 111
1110 1110000 000 1110 0001111 111
1111 1111111 000 1111 0000000 111
?????????????????????????????????????????
?????t??????????????????? 2t + 1?????????????
?? 2t+ 1????????????? 0??? 1??????????????????
?????????????????????????????????????????
?????????????????????? 2t+ 1??????? ✷
? 4.1. ?? 0001? 0010? 1101????????????0001???????????
??????? 0001011000?????????????????? 0010????????
???? 0010???? 0010101000? 110101010111? 2???????????????
???????????????????? 0010101000???????????????
?????? 1101????????????????????????????????
??1101010000?????????????????? 7???????????????
??0010101111???????????????????? 3?????????????
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? 4? ?????
? 4.3: ??????
??? ??? ??????
??????
????
??????
????
??????
????
?????? 7 4 1 7 7 3.50
???????? 9 4 1 6 5 4.50
????? 10 4 1–2 4 3 3.25
??????
???? 4??????????? (7, 4, 3)????????????????????
??????? 4.3????????? t???????????????????????
??????????? t?????????????????????????????
???????????????????????????????? 2t????????
?????????????????? 7?????????????? 5????????
?????????????????????? 3??????2 ?
????????????????????????????? 2t+1????????
?????????????????????????????????????????
?????????????????????
?? 4.2. t????????????????????????????????????
????????????????? t???????????????????????
??? 2t???????
?? 4.2. ??????? ✷
(7, 4, 3)????????????????????????????????????
?? 4.2????? 4.2???? 2???????????????????? 000????
??????????????? 111??????????1?????????????
??? 1???????? 1???????????????? 1???????????
2? 4.3????????????????????????????????????????????
??? 4.2?????????????????????????????? 0000???? 0000000000?→
? 1111???? 0000000111?????????????????????? 3??????????????
??????????????????? 0000???? 0000000000?→? 0001???? 0001111000???
??????????????????? 4???????
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? 4? ?????
? 4.2: ???????????
???????????? 1????????????????????????????
1? 2?????????????????????????????? 7????????
?????????????????????????????????????????
??????????? 3?????????????????????????????
????????????????????????????????????????
4.3 ?????/???????
????????????????????????????????????????
?????????????????????????????????? d??????
??????????????????? vi?????????????? vi???? d?
??? vo????????????????????????????????????
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? 4? ?????
???? vi??????????????????????????? d????????
??????????????????????????????? [12]????????
?????????/???????????
4.3.1 ?????
(7, 4, 3)????????????????????????????????????
???????????????? vi??????? d????????????? vo??
?????????????????????
Step 1: ?????? d???????????????????? vH?????????
vH = encode(d) (4.1)
Step 2: vH ? 3???????? 000????????? v′o????
v′o = vH [000] (4.2)
Step 3: ????????????? vi??? 4???? 4?????????? d???
??????????????? 1111???? v′o?????????1111????
? v′o????????? 10??????? vi??? 4???? vi[9 : 6]????
if vi[9 : 6]⊕ d == 4’b1111 :
vo = v′o (4.3)
else :
vo = v
′
o (4.4)
???????? 10??????????? vo??????????????????
????????????????????????????????????????
???
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? 4? ?????
4.3.2 ????
????????????????????????? d??????????????
?????????????????????????????????????????
????????? e?????????? vi⊕ e??????? d???????????
????????? e = 0????
Step 1: ????????????????? ve???????? vi???????? (?
?????)? vH???? (????)? vR??????????? e???????
? (??????)? eH???? (????)? eR????
Step (1-1): ??? (??????)?????????
Step (1-1-1): ????????????????????????????G
??????H?????
Step (1-1-2): ???????? vH ⊕ eH?????H???????? s??
???
s = (vH ⊕ eH)H (4.5)
??????? vH ?????????????????? s?
s = (vH ⊕ eH)H = vHH = 0 (4.6)
??????
s = (vH ⊕ eH)H = vHH ⊕ eHH = eHH (4.7)
??????????????? s???????? eH ????????s
? eH ? 1? 1?????????????????????
Step (1-1-3): ?????? s????????? eH????????????
?????????????? vH ⊕ eH ????????????????
???? vH ??????
(vH ⊕ eH)⊕ eH = vH (4.8)
47
? 4? ?????
Step (1-2): ???????????????? (????)?????????
Step 2: ??????????????????????? vH???? vR???????
???? dH?dR????dR? 0???? dH?????dR? 1???? dH????
??????
if dR == 1’b0 :
d = dH (4.9)
else :
d = dH (4.10)
?????????t????????????????????????????????
??????????????????????????????????????????
??????????4???×8??????1???×4???????32+4 = 36???
????
4.4 ????
???????????????????????????? 4.2??????????
?????????????????????? 4.3??????????????????
????????????????????????????????? 8???????
???????????????????? 4?????? 4?????????????
???????????????? 4?????? 10?????????????????
????????? 4?????? 7?????????????????????MRAM
?????????? [51]?????????????????????????????
???????????? 0???????????(7, 4, 3)?????????????
???????????????
4.4.1?????????????????????????????????????
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? 4? ?????
? 4.4: ???????????????
adpcmE adpcmD epicE epicD g721E g721D FlipAll
?????? 2,047,028 (1.00) 735,281 (1.00) 935,223 (1.00) 520,951 (1.00) 2,129,981 (1.00) 829,899 (1.00) 917,504 (1.00)
???????? 2,358,295 (1.15) 1,003,629 (1.36) 1,26,627 (1.35) 717,682 (1.38) 2,481,184 (1.16) 1,099,970 (1.33) 589,824 (0.64)
????? 1,767,860 (0.86) 697,469 (0.94) 874,975 (0.93) 488,503 (0.93) 1,856,933 (0.87) 758,959 (0.91) 393,216 (0.43)
??????????4.4.2?????????????????????????????
???????/?????????????????????????????
4.4.1 ????????????
????????????????????????????MediaBench [26]? Sim-
pleScalar [1]????????????????????????????????FlipAll
?????????????????????????????????????????
?????????????????????????????????????????
????????????????
????????????????????????? 4.4?????????????
???? (7, 4, 3)???????????? 57.1%???????????????
4.4.2 ???????
?????????/???????????????Verilog HDL?????Synopsys
??Design Compiler???????????????????????????????
? STARC90nm??????????/???????????????????????
?????MRAM????????????????????????????????
????MediaBench????????????????????
?????/?????????????????MRAM??????????????
???????????MRAM? 1?????????? 6.17×10−1um2??? [10]???
?????????????? 4.5???????????????/??????????
?????????????? 4.6?????????????????????????
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? 4? ?????
? 4.5: ???????????????
????? ????
?????? 0 32
???????? 144 640
????? 0 36
? 4.6: ???????
????? [um2] ???? [um2] ?? [um2]
?? LUT ?? LUT
?????? 27.5 - 2.1 19.7 49.4
???????? - 88.8 - 394.9 483.7
????? 211.0 - 36.7 22.2 269.9
????????????????????? 5.4??????
????????????????????????????????????????
??? [51]??????Nr?Nw?Bw?????????????????????????
??????????????????????????????????? 100MHz?
MRAM??????MRAM? 1???????????????Er? 1.06× 10−15J/bit?
????????Ew? 2.60× 10−12J/bit??? [10]?? 4.7?????????????
????Nr?Nw????Bw?? 4.4???????Lc?????k????????
??????????????????????Et?? (4.11)???????
Et = {(Nr +Nw)× (Lc × 2)× Er}+ (Bw × Ew) + Eo (4.11)
????????????????????????????????????????
?????????????/???????????????????????????
?????????????????????????????????????????
????????
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? 4? ?????
? 4.7: MediaBench?Nr?Nw?
adpcmE adpcmD epicE epicD g721E g721D FlipAll
Nr 147,756 368,985 150,462 128,829 162,925 384,238 0
Nw 450,692 229,316 357,576 276,827 482,019 260,804 65,536
? 4.8: ?????/???????????????/????????/??????
????? ????
dE Pdynamic,E Pleakage,E dD Pdynamic,D Pleakage,D
[ns] [µW] [µW] [ns] [µW] [µW]
?????? 0.57 8.20 0.23 0.29 0.31 0.018
???????? - - - - - -
????? 0.57 72.9 2.1 0.33 14.2 0.36
?????/?????????????? (4.12)?????
Eo = 2×Nw × (dE × Pdynamic,E + Pleakage,E/100MHz)
+ 2×Nr × (dD × Pdynamic,D + Pleakage,D/100MHz)
+ 2×Nr × k × Er (4.12)
dE ? dD???????????????????????Pdynamic,E ? Pdynamic,D???
??????????????????Pleakage,E?Pleakage,D??????????????
???????dE × Pdynamic,E?dD × Pdynamic,D ??????????/????????
?????????Pleakage,E/100MHz?Pleakage,D/100MHz??????????/????
???????????? [6]???????????????????????????
??????????????? 4.8?????????????????????/???
???????????????????????????????
? 4.9?????????????????????????????????????
???????????????????? 56.8%????????????
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? 4? ?????
? 4.9: ??????????? (???nJ)?
adpcmE adpcmD epicE epicD g721E g721D FlipAll
??? 1.1 2.7 1.1 1.0 1.2 2.9 0.0
?????? ??? 5,322.3 1,911.7 2,431.6 1,354.5 5,538.0 2,157.7 2,385.5
??????? 7.0 5.0 5.7 4.5 7.5 5.5 0.9
?? 5,330.3 (1.00) 1,919.4 (1.00) 2,438.4 (1.00) 1,360.0 (1.00) 5,546.6 (1.00) 2,166.0 (1.00) 2,386.4 (1.00)
??? 1.4 3.5 1.4 1.2 1.6 3.7 0.0
???????? ??? 6,131.6 2,609.4 3,282.8 1,866.0 6,451.1 2,859.9 1,533.5
??????? 9.9 7.5 8.1 6.4 10.6 8.2 1.3
?? 6,142.8 (1.15) 2,620.5 (1.36) 3,292.4 (1.35) 1,873.6 (1.38) 6,463.2 (1.16) 2,871.8 (1.32) 1,534.8 (0.64)
??? 6.3 3.9 1.6 1.4 1.7 4.1 0.0
????? ??? 4,596.4 1,813.4 2,274.9 1,270.1 4,828.0 1,973.3 1,022.4
??????? 60.1 37.9 48.5 37.9 64.4 42.3 8.2
?? 4,662.9 (0.87) 1,855.3 (0.97) 2,325.1 (0.95) 1,309.3 (0.96) 4,894.2 (0.88) 2,019.6 (0.93) 1,030.6 (0.43)
4.5 ??????
????????????????????????????????????????
??????t??????????????????????????????????
????????????????????????????? 2t???????????
?????????????????????????????????????????
??????????? 56.8%?????
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?5? REC??
5.1 ?????
????????????????????????????????????????
?????????????????????????????????????????
??????????1???????????????? REC???????????
?????????????????????????????????????????
?? 23.5%?BCH????????????????????????????????
27.5%????????????????
REC?????????????????????????????????????
???????????????????????
5.2 ???????????
????????????????????????????????????????
?????????????????????????????????????????
????????????
t??????????????????????????????????? kp???
??????? v0, . . . , v2kp−1??????? vi????? n????????????kp
???????????????? n????????????????????????
2t+ 1????????????? t???????????????? (n, kp, 2t+ 1)??
????????
?? S ≥ 2t+1???????(n, kp, 2t+1)????????????????????
1?????? [21, 23, 55]????
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? 5? REC??
????
1. ?????????? v0, . . . , v2kp−1????????
2. ??? vi, vj???????? S?????????? eij = (vi, vj)????
??????? V = {v0, . . . , v2kp−1}????????E???????????? S-??
?????G = (V,E)????? 5.1(a)? S-????????????????? 5.1?
????
r???????kr = kp − r??????????1????????????????
?????????????? V ??????????????? ci (i = 0, . . . , 2kr − 1)?
?????
(C1) c0 ∪ · · · ∪ c2kr−1 = V
(C2) ci ∩ cj = ∅ (0 ≤ (i, j) ≤ 2kr − 1, i ̸= j)
(C3) |ci| = 2r (0 ≤ i ≤ 2kr − 1)
????? (C1)–(C3)??????????????C = {c0, . . . , c2kr−1}????????
???????? ci, cj (i ̸= j)???????? C????????????ci, cj ???
??? (F1), (F2)???????ci, cj???? e′ij = (ci, cj)????
(F1) ???? ci?????????? vk??????? cj ????????? vl???
???? ekl??????
(F2) ???? cj ?????????? vl??????? ci????????? vk???
???? elk??????
????? (F1), (F2)? S ???????????S-????????????????
??????????????C?????S????????????????????
? E ′????????????? C ????????????? E ′?????????
G′ = (C,E ′)????? 5.1(b)?????????????????? 5.1?????
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? 5? REC??
? 5.1: S-??????? G = (V,E)(a)????????G′ = (C,E ′)(b)?
D = {d0, . . . , d2kr−1}?kr???????????????d0 = 00 · · · 00, d1 = 00 · · · 01, . . . ,
d2kr−1 = 11 · · · 11????? di ∈ D????? ci ∈ C ???????????????
ci ∈ C???????????? di ∈ D?????????
?? 5.1. ? di, dj (i ̸= j)????? ci, cj??????????????? ci??????
????? vk???????????G′ = (C,E ′)???????????????? cj
????????? vl??????????? dH(vk, vl) ≤ S??????
?? 5.1. ???? ci, cj??? S??????????????????????????
????????? ✷
? 5.1. ? di???????? vk??? dj???????? vl????????????
??G′ = (C,E ′)????????????? di?????? vk??? dj?????? vl
????????? S????????????
?? 5.2. ???? ci??????? vk? t??????????????
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? 5? REC??
?? 5.2. ??? vk? (n, kp, 2t + 1)????????????????????????
?? ✷
????????????????????????????????????????
??? ci??????????? di?????????? t???????? di????
?? vk??? dj?????? vl?????????? S????????????
? 5.1. (7, 4, 3)???????????(7, 4, 3)?????????? {v0, . . . , v15}???
?????????????? 3??????t = 1??????????????
?? S = 3????S-????????????????? S-????????? 5.1(a)
????? 5.1(a)??????? (7, 4, 3)??????????????H(v0, v1) = 3 ≤ 3
????????? v0, v1????????????H(v0, v15) = 7 ≥ 3?????????
v0, v15?????????????
S-???????????????????????????????????? 5.1(b)
????? 5.1(b)?? 8?????? c0, . . . , c7?????????? 2?????????
???????? c0? {v0, v15}???????? c1? {v1, v14}????S-???????
?? v0, v1? v14, v15??????????????????S?????????????
???????? e′ = (c0, c1)????? 5.1(b)??????????????????
???3????8???d0, . . . , d7????????d0 = 000, d1 = 001, . . . , d7 = 111??
??? di? ci (0 ≤ i ≤ 7)??????????????? c0???? v0 = 0000000, v15 =
1111111?????? d0 = 000??????????? c1 ???? v1 = 0001011, v14 =
1110100?????? d1 = 001????
? d0 = 000?????? v0 = 0000000?????????????????? d1 = 001
????????????v1 = 0001011? v14 = 1110100????? 2?????????
??????????v1 = 0001011??????? d0?????? v0??? d1?????
? v1???? 3????????????
???????????? 3?????? 7????????????????????
? 1???????????????????????????????????? 3??
???????????
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? 5? REC??
5.3 ????
5.2???????????????? S?????????????????????
t???????????????? S???????????????????????
???????????????????????????????????? S????
????????????????????????????????
(n, kp, 2t+1)?????????????????????????????? [35]???
????????? 2??????XOR???????????????????????
???????????????????????????????????(n, kp, 2t+1)?
?????????????? {v0, . . . , v2kp−1}???????? n??????? 11 · · · 11
????????????????????kp?????????mi (0 ≤ i ≤ 2kp − 1)?
???????? n??????? vi??????????? t???????
????????????????? a??????? x??????????????
a, x????? (n, kp, 2t + 1)??????????????a????????x???
?????????????????? A = {a0, . . . , a2r−1}???????????X =
{x0, . . . , x2kr−1}????????r??????????kr = kp − r????A?X???
??????????????? v = a⊕ x???????
5.3.1 ??????????
???? r ≥ 1????? kr = kp − r???????kr, r? kr ≡ 0 (mod r)????n
??????????????A = {a0, . . . , a2r−1}????kp?????????????
?? Ma = {ma0, . . . ,ma2r−1}????mai (j)?mai ? j??????????????mai (0)
?mai ? LSB?mai (kp − 1) ?mai ?MSB?????????? ai????????mai ?
????????????
?????????A??????????????
Step 1: 0 ≤ i < 2r−1?????mai ??? r???? i? 2??????????????
? kp = 6, r = 3????ma0 = 000***, ma1 = 001***, ma2 = 010***, ma3 = 011*** ??
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? 5? REC??
??????*????????
Step 2: 0 ≤ i < 2r−1?????Step (2-1), Step (2-2)??????
Step (2-1): WH(i)????????????mai ??? kr?? j???????????
mai (j) = m
a
i (kr + ⌊j × r/kr⌋) (5.1)
Step (2-2): WH(i)????????????mai ??? kr?? j???????????
mai (j) = m
a
i (kr + ⌊j × r/kr⌋) (5.2)
Step 3: 2r−1 ≤ i ≤ 2r − 1??????????mai ??????????
mai = m
a
2r−1−i (5.3)
?????????? kp?????????mai ??????????? n???????
??? ai??????
? 5.2. kp = 6?r = 2????kr = kp − r = 4????6?????????mai ????
????????????
Step 1???ma0, ma1??? 2?????????????
ma0 = 00****
ma1 = 01**** (5.4)
????*????????
Step 2???ma0, ma1??? 4?????????????
ma0 = 000000
ma1 = 011100 (5.5)
Step 3???ma2, ma3?ma0, ma1????????????
ma2 = 100011
ma3 = 111111 (5.6)
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? 5? REC??
?????????? 6?????????mai ??????????? n??????
??????????
5.3.2 ??????????
n??????????????X = {x0, . . . , x2kr−1}????kp??????????
????? Mx = {mx0 , . . . ,mx2kr−1}????mxi (j)?mxi ? j??????????????
mxi (0) ?mxi ? LSB?mxi (kp − 1) ?mxi ?MSB?????????? xi????????
mxi ?????????????
?????????X??????????????
Step 1: mxi ??? r???? 0? 2????????????
Step 2: mxi ??? kr???? i? 2????????????
?????????? kp?????????mxi ??????????? n???????
??? xi??????
? 5.3. kp = 6?r = 2????kr = kp − r = 4????6?????????mxi ????
????????????
Step 1???mx0 , . . . ,mx15??? 2?????????????
mx0 = 00****
mx1 = 00****
mx2 = 00****
...
mx15 = 00**** (5.7)
????*????????
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? 5? REC??
Step 2???mx0 , . . . ,mx15??? 4?????????????
mx0 = 000000
mx1 = 000001
mx2 = 000010
...
mx15 = 001111 (5.8)
?????????? 6?????????mxi ??????????? n??????
???? xi??????
5.3.3 ????????????????
????????????????????????
?? 5.3. ????????????????????? A??????????X ??
?????????? vi ∈ {v0, . . . , v2kp−1}? vi = a ⊕ x (a ∈ A, x ∈ X)????????
???
?? 5.3. a⊕ x????????????a⊕ x? 2r × 2kr = 2r+kr = 2kp????????
????????????? 2kp????????????????? ✷
?? S = ⌊n/2⌋????S-??????? G = (V,E)??????r???????
kr = kp− r?????????? V ?????? ci (i = 0, . . . , (2kr − 1))????????
????
ci = {a0 ⊕ xi, . . . , a2r−1 ⊕ xi} (5.9)
??????????????? (C1)–(C3)??????
????????C = {c0, . . . , c2kr−1}????ci, cj (i ̸= j)?S??????? (F1), (F2)
???????ci, cj???? e′ = (ci, cj)??????????????????G′ = (C,E ′)
?????????
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? 5.2: r = 2?????????
?? 5.4. ???????????????????G′ = (C,E ′)??????????
?? 5.4. 0 ≤ i ≤ 2r−1?????????? ai??????? a2r−1−i?????????
????????????????????? S???????????????????
?????????????? ✷
5.4 REC??
kr?????????D = {d0, . . . , d2kr−1}???????? ci?? di????????
??????? ci ∈ C???????????? di ∈ D?????????
61
? 5? REC??
?? 5.1, 5.2, 5.4??????? ci????????????????? t????? di
????? di?????? vk ??? dj ?????? vl????? ⌊n/2⌋???????
?????????????????? (n, kr, 2t + 1, r)-REC??????n?????kr
?????2t+ 1??????????r????????
? 5.2? (n, 2, 2t+1, 2)-REC???????????4???????? a0, a1, a2, a3??
??4??????????????????4???????? x0, x1, x2, x3????4?
??????? 4????????????????? ai⊕ xj (i = 0, 1, 2, 3), (j = 0, 1, 2, 3)
????????? cj (j = 0, 1, 2, 3)????? cj = {a0 ⊕ xj, a1 ⊕ xj, a2 ⊕ xj, a3 ⊕ xj}?
?????? cj??????? ai ⊕ xj ∈ cj?? dj????
5.5 ?????/???????
?????REC????????????????????????????????
??????????REC????????????????????? dk??????
??????????????????? ai ⊕ xj?????????????? ai ⊕ xj?
??? dk???? az ⊕ xk?????????????????????????????
??????????? ai ⊕ xj ??????????????????????????
???????????
5.5.1 ?????
??????????????????? ai ⊕ xj??????? dk?????????
???? az ⊕ xk???????????????????????
Step 1: ??????????? kp?????????
mai ⊕mxj = ai ⊕ xj[n : n− kp] (5.10)
?????????? kp?????????????????? r???? 0????
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?????
mxk =
r ???︷ ︸︸ ︷
00 · · · 00dk (5.11)
Step 2: mai ⊕mxj ⊕mxk?? az??? r??? (raz)????????????
Step 3: raz ???????????????? kp???????????mza??????
Step 4: mza ⊕mxk?????????????? az ⊕ xk????
??????????????????????W ????????????????
? az ⊕ xk????????????????? ai ⊕ xj??????W ????
ai ⊕ xj ⊕W = az ⊕ xk
?ai ⊕ xj ⊕ xk = az ⊕W (5.12)
?????? (5.12)?????????????????????W = as ⊕ xt?????
????? as?az????????az???????????????Step 2?????
?????????????????? az????Step 2?? ai⊕xj⊕xk?mai ⊕mxj ⊕mxk
? 1? 1????????az?????????? r??? (raz)? 1? 1????????
????????????Step 2??????????????????????????
?????????????????????????????????????????
????????????????????Step 3??????????????????
raz ???????????????????????????????????????
?????????????????????????????????????????
????????????????????????Step 2? raz????? r+1????
????????????????????? 1???????????????????
??????????????????????? r + 1???×2kp?????
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5.5.2 ????
????????????????????????????????????????
?????????????????????????????????????????
???????? e???????????? ai⊕ xj ⊕ e???????????????
????? e = 0????
Step 1: ????????????????? e?????
Step (1-1): ????????????????? REC???????G????
??H?????
Step (1-2): ??? ai ⊕ xj ⊕ e?????H???????? s?????
s = (ai ⊕ xj ⊕ e)H (5.13)
??????? ai ⊕ xj ⊕ e?????????????????? s?
s = (ai ⊕ xj)H = 0 (5.14)
??????
s = (ai ⊕ xj ⊕ e)H = (ai ⊕ xj)H ⊕ eH = eH (5.15)
???????????????????????????????s? e? 1?
1?????????????????????
Step (1-3): ???????????????????????????????XOR
???
(ai ⊕ xj ⊕ e)⊕ e = ai ⊕ xj (5.16)
Step 2: ai⊕xj??? r?????ai?????????(ai⊕xj)⊕ai????xj?????
?????????xj?? dj? 1? 1???????????? dj = xj[n−r : n−kp]
???????
?????????t?????????????????????????????ai⊕xj
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??? r????? ai???????????????????????????????
????????????????????? 2???????????????????
?????????? 1???×2r??kp???×2n−kp?????
5.6 ????
?????REC????????????????????????/????????
?????REC????????????????????????????BCH???
?????????????????????????????????????????
?????
5.6.1 ?????
???? REC?????????? 7.1??? (7, 4, 3)???????(9, 4, 3, 1)-REC?
(10, 4, 3, 2)-REC?(12, 4, 3, 4)-REC????????????????(15, 7, 5)-BCH?? [5]
? (5, 1, 5)???? [12]?????????????????? 8??????? 7??
?+1????????????????????15???? 5????????????
20???????????????????? 7.1??? (15, 7, 5)-BCH??+(5, 1, 5)??
???(23, 8, 5, 1)-REC?(25, 8, 5, 2)-REC?(29, 8, 5, 4)-REC?(37, 8, 5, 8)-REC??????
???????
??????????????????????????????? ⌊n/2⌋???????
??REC?????????????? 2r???????????????(9, 4, 3, 1)-REC
???????? r = 1????????????? 2r = 2??????????????
r????????????????????????????????????????
?????????????????
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? 5.1: ?????????
??? ??????
??????
????
??????
????
??????
????
(7, 4, 3)?????? 7 1 7 3 3.50 (1.00)
(9, 4, 3, 1)-REC 9 1 4 3 3.25 (0.93)
(10, 4, 3, 2)-REC 10 1 4 3 3.12 (0.89)
(12, 4, 3, 4)-REC 12 1 4 3 2.93 (0.83)
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 20 2 20 5 10.0 (1.00)
(23, 8, 5, 1)-REC 23 2 11 5 8.92 (0.89)
(25, 8, 5, 2)-REC 25 2 12 5 8.67 (0.87)
(29, 8, 5, 4)-REC 29 2 12 5 7.80 (0.78)
(37, 8, 5, 8)-REC 37 2 10 5 7.18 (0.72)
? 5.2: ???????????????
adpcmE adpcmD epicE epicD g721E g721D
(7, 4, 3)?????? 2,047,028 (1.00) 735,281 (1.00) 935,223 (1.00) 520,951 (1.00) 2,129,981 (1.00) 829,899 (1.00)
(9, 4, 3, 1)-REC 1,696,602 (0.83) 697,731 (0.95) 879,946 (0.94) 492,978 (0.95) 1,785,396 (0.84) 759,439 (0.92)
(10, 4, 3, 2)-REC 1,628,371 (0.80) 666,442 (0.91) 836,704 (0.90) 466,870 (0.90) 1,712,191 (0.80) 716,672 (0.86)
(12, 4, 3, 4)-REC 1,557,902 (0.76) 638,242 (0.87) 787,874 (0.84) 441,599 (0.85) 1,637,188 (0.77) 679,526 (0.82)
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 2,902,865 (1.00) 1,022,642 (1.00) 1,213,777 (1.00) 670,655 (1.00) 3,030,135 (1.00) 1,140,475 (1.00)
(23, 8, 5, 1)-REC 2,492,757 (0.86) 974,215 (0.95) 1,240,812 (1.02) 695,669 (1.04) 2,625,590 (0.87) 1,073,272 (0.94)
(25, 8, 5, 2)-REC 2,303,056 (0.79) 929,465 (0.91) 1,168,265 (0.96) 649,003 (0.97) 2,426,246 (0.80) 1,012,208 (0.89)
(29, 8, 5, 4)-REC 2,146,736 (0.74) 873,537 (0.85) 1,111,116 (0.92) 629,212 (0.94) 2,264,785 (0.75) 929,645 (0.82)
(37, 8, 5, 8)-REC 2,085,224 (0.72) 811,245 (0.79) 1,038,296 (0.86) 592,397 (0.88) 2,199,998 (0.73) 888,672 (0.78)
5.6.2 ????????????
????????????????????????????MediaBench [26]? Sim-
pleScalar [1]???????????????????????????????????
???????????????????????
????????????????????????????? [51]??????? 5.2
?????????????????????REC?????????????????
????????????????????? 5.2??? (15, 7, 5)-BCH??+(5, 1, 5)??
??????????????REC????????????????????????
?????????????(12, 4, 3, 4)-REC????????????????????
???????????????? 23.9%???????????????(37, 8, 5, 8)-REC
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? 5.3: ???????????????
????? ????
(7, 4, 3)?????? 0 32
(9, 4, 3, 1)-REC 32 80
(10, 4, 3, 2)-REC 192 100
(12, 4, 3, 4)-REC 1,280 144
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 0 1,808
(23, 8, 5, 1)-REC 512 147,456
(25, 8, 5, 2)-REC 3,072 327,684
(29, 8, 5, 4)-REC 20,480 1,572,880
(37, 8, 5, 8)-REC 589,824 33,554,688
???????????? (15, 7, 5)-BCH??+(5, 1, 5)???????????????
??????? 28.2%???????????????
5.6.3 ???????
?????????/???????????????Verilog HDL?????Synopsys
??Design Compiler???????????????????????????????
STARC90nm??????????/????????????????????????
????MRAM?????????????????????????????????
???MediaBench????????????????????
??????????? 1?????????? 6.17× 10−1um2??? [10]??????
??????????? 5.3????????????????????????????
??????? 5.4????REC??????????????????????????
??????????????????? 17,000??????
????????????????????????????????????????
??? [51]??????Nr?Nw?Bw?????????????????????????
??????????????????????????????????? 100MHz?
MRAM??????MRAM? 1???????????????Er? 1.06× 10−15J/bit?
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? 5.4: ???????
????? [um2] ???? [um2] ?? [um2]
?? LUT ?? LUT
(7, 4, 3)?????? 27.5 - 2.1 19.7 49.4
(9, 4, 3, 1)-REC 74.1 19.7 43.0 49.4 186.2
(10, 4, 3, 2)-REC 36.0 118.5 36.7 61.7 252.8
(12, 4, 3, 4)-REC 57.9 789.8 36.7 88.8 973.2
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 108.0 - 2.1 1,115 1,225
(23, 8, 5, 1)-REC 174.3 316 45.2 90,980 91,515
(25, 8, 5, 2)-REC 203.9 1,895 79.7 202,181 204,360
(29, 8, 5, 4)-REC 136.9 12,636 86.1 970,467 983,326
(37, 8, 5, 8)-REC 129.8 363,921 86.1 20,703,242 21,067,379
????????Ew? 2.60× 10−12J/bit??? [10]?? 5.5?????????????
????Nr?Nw????Bw?? 5.2???????Lc????????
BCH??+?????????????????????Et?? (5.17)????????
??REC???????????????????Et????? 4???????? (5.18)
??8???????? (5.19)???????????
Et = (Nr × Lc × Er) + (Bw × Ew) + Eo (5.17)
Et = {(Nr +Nw)× (Lc × 2)× Er}+ (Bw × Ew) + Eo (5.18)
Et = {(Nr +Nw)× Lc × Er}+ (Bw × Ew) + Eo (5.19)
????????????????????????????????????????
?????????????/????????????????REC?????????
?????????????????????????????????????????
????????????/???????????????????? 4???????
? (5.20)??8???????? (5.21)?????????
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? 5.5: MediaBench?Nr?Nw?
adpcmE adpcmD epicE epicD g721E g721D
Nr 147,756 368,985 150,462 128,829 162,925 384,238
Nw 450,692 229,316 357,576 276,827 482,019 260,804
Eo = 2×Nw × (dE × Pdynamic,E + Pleakage,E/100MHz)
+ 2×Nw × {(r + 1)× Er}
+ 2×Nr × (dD × Pdynamic,D + Pleakage,D/100MHz)
+ 2×Nr × {(kp + 1)× Er} (5.20)
Eo = Nw × (dE × Pdynamic,E + Pleakage,E/100MHz)
+ Nw × {(r + 1)× Er}
+ Nr × (dD × Pdynamic,D + Pleakage,D/100MHz)
+ Nr × {(kp + 1)× Er} (5.21)
dE ? dD???????????????????????Pdynamic,E ? Pdynamic,D???
??????????????????Pleakage,E?Pleakage,D??????????????
???????dE × Pdynamic,E?dD × Pdynamic,D ??????????/????????
?????????Pleakage,E/100MHz?Pleakage,D/100MHz??????????/????
???????????? [6]?? 5.6?????????????????????/???
?????????????????????????????????????????
????/?????????????????????????????????????
? 5.7????????????????(12, 4, 3, 4)-REC?????????????
??????????????????????? 23.5%?(37, 8, 5, 8)-REC??????
?????? BCH??+?????????????????????? 27.5%????
????????????
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? 5.6: ?????/???????????????/????????/??????
????? ????
dE Pdynamic,E Pleakage,E dD Pdynamic,D Pleakage,D
[ns] [µW] [µW] [ns] [µW] [µW]
(7, 4, 3)?????? 0.57 8.20 0.23 0.29 0.31 0.018
(9, 4, 3, 1)-REC 0.40 29.8 0.76 0.33 17.1 0.43
(10, 4, 3, 2)-REC 0.40 13.2 0.32 0.33 14.5 0.36
(12, 4, 3, 4)-REC 0.40 24.8 0.62 0.33 14.4 0.36
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 0.64 35.3 0.96 0.29 0.30 0.018
(23, 8, 5, 1)-REC 0.52 78.9 1.73 0.38 12.7 0.26
(25, 8, 5, 2)-REC 0.51 82.2 2.03 0.33 31.5 0.79
(29, 8, 5, 4)-REC 0.60 55.2 1.31 0.33 34.3 0.87
(37, 8, 5, 8)-REC 0.58 54.0 1.26 0.33 34.2 0.87
5.7 ??????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????? n???????
?????????????????????????? ⌊n/2⌋????????????
???????????(12, 4, 3, 4)-REC??????????????????????
?????????????? 23.5%?(37, 8, 5, 8)-REC???????????? BCH
??+?????????????????????? 27.5%?????????????
???
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? 5.7: ??????????? (???nJ)?
adpcmE adpcmD epicE epicD g721E g721D
??? 1.1 2.7 1.1 1.0 1.2 2.9
(7, 4, 3)?????? ??? 5,322.3 1,911.7 2,431.6 1,354.5 5,538.0 2,157.7
??????? 7.0 5.0 5.7 4.5 7.5 5.5
?? 5,330.3 (1.00) 1,919.4 (1.00) 2,438.4 (1.00) 1,360.0 (1.00) 5,546.6 (1.00) 2,166.0 (1.00)
??? 5.7 3.5 1.4 1.2 1.6 3.7
(9, 4, 3, 1)-REC ??? 4,411.2 1,814.1 2,287.9 1,281.7 4,642.0 1,974.5
??????? 23.8 20.4 19.8 15.7 25.5 22.2
?? 4,440.6 (0.83) 1,838.1 (0.95) 2,309.1 (0.95) 1,298.6 (0.95) 4,669.1 (0.84) 2,000.4 (0.92)
??? 6.3 3.9 1.6 1.4 1.7 4.1
(10, 4, 3, 2)-REC ??? 4,233.8 1,732.7 2,175.4 1,213.9 4,451.7 1,863.3
??????? 15.2 15.1 12.9 10.3 16.3 16.3
?? 4,255.3 (0.80) 1,751.8 (0.91) 2,189.9 (0.90) 1,225.5 (0.90) 4,469.8 (0.81) 1,883.7 (0.87)
??? 7.6 4.7 1.9 1.6 2.1 4.9
(12, 4, 3, 4)-REC ??? 4,050.5 1,659.4 2,048.5 1,148.2 4,256.7 1,766.8
??????? 23.9 19.6 19.8 15.7 25.7 21.4
?? 4,082.1 (0.76) 1,683.7 (0.88) 2,070.2 (0.85) 1,165.5 (0.85) 4,284.5 (0.77) 1,793.0 (0.83)
??? 3.1 7.8 3.2 2.7 3.5 8.1
(15, 7, 5)-BCH?? ??? 7,547.4 2,658.9 3,155.8 1,743.7 7,878.4 2,965.2
+ (5, 1, 5)???? ??????? 15.8 10.6 12.8 10.1 17.0 11.8
?? 7,566.4 (1.00) 2,677.3 (1.00) 3,171.9 (1.00) 1,756.5 (1.00) 7,898.8 (1.00) 2,985.1 (1.00)
??? 14.6 9.0 3.7 3.1 4.0 9.4
(23, 8, 5, 1)-REC ??? 6,481.2 2,533.0 3,226.1 1,808.7 6,826.5 2,790.5
??????? 29.6 19.7 24.0 18.8 31.7 21.9
?? 6,525.3 (0.86) 2,561.7 (0.96) 3,253.8 (1.03) 1,830.7 (1.04) 6,862.2 (0.87) 2,821.8 (0.95)
??? 15.9 9.8 4.0 3.4 4.3 10.2
(25, 8, 5, 2)-REC ??? 5,987.9 2,416.6 3,037.5 1,687.4 6,308.2 2,631.7
??????? 33.9 25.1 27.8 21.9 36.4 27.6
?? 6,037.7 (0.80) 2,451.5 (0.92) 3,069.3 (0.97) 1,712.7 (0.98) 6,349.0 (0.80) 2,669.5 (0.89)
??? 18.4 11.3 4.6 4.0 5.0 11.8
(29, 8, 5, 4)-REC ??? 5,581.5 2,271.2 2,888.9 1,636.0 5,888.4 2,417.1
??????? 27.9 22.6 23.1 18.2 30.0 24.7
?? 5,627.8 (0.74) 2,305.1 (0.86) 2,916.6 (0.92) 1,658.1 (0.94) 5,923.4 (0.75) 2,453.5 (0.82)
??? 23.5 14.5 5.9 5.1 6.4 15.1
(37, 8, 5, 8)-REC ??? 5,421.6 2,109.2 2,699.6 1,540.2 5,720.0 2,310.5
??????? 28.8 23.0 23.8 18.8 30.9 25.1
?? 5,473.8 (0.72) 2,146.7 (0.80) 2,729.2 (0.86) 1,564.0 (0.89) 5,757.3 (0.73) 2,350.8 (0.79)
71
?6? Relaxed-REC??
6.1 ?????
REC??????????????????????????????????REC?
????????????????????????????????????????
???? 1???? 11 · · · 1?????????REC?????????????????
???????????
????????????? 1???? 11 · · · 1????????Relaxed-??????
????????Relaxed-REC????????????1?Relaxed-REC???????
??????????????????????????REC????????????
?????? 20.0%?BCH????????????????????????????
?? 38.3%????????????
Relaxed-REC?????????????????????????????????
???????????????????????????
6.2 REC???Relaxed-REC??
REC??????????????????????????????? [23]?REC?
?????????t???????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????? 1???????????????????????????????
?????????? t??????????????????????????? ⌊n/2⌋
1?????? [24]????
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? 6? RELAXED-REC??
???????
REC?????????????????????????? 1???? 11 · · · 1???
????????????????????????????????????????
REC???????????????????Relaxed-????????????????
?Relaxed-REC????????Relaxed-??????????????????? 1??
?? 11 · · · 1??????????????????????REC???Relaxed-REC??
??????????????????????????????????????Relaxed-
REC???REC??????????????????????????????????
???? n???????????? kp?????Relaxed-REC???????????
??? n− ⌈kp/2⌉??????2?
6.3 Relaxed-LSECC
??? n???? kp??????? t???????????????????????
???? 2??????XOR???????????????????????????
?????????????????????????????????????????
?LSECC?????????????????????????????????Ns?
??????????Ne????????????Ns?Ne??????????????
Ns = 2
n−kp (6.1)
Ne = nC0 + · · ·+n Ct (6.2)
LSECC?????Ne ≤ Ns????????Ns?Ne?????????LSECC???
???????????????????????
??????????????????? 1???? 11 · · · 1??? LSECC?????
?? LSECC???????????????????
? 6.1. ??? kp = 2??????? t = 1?LSECC?????????????????
2Relaxed-?????????????????????????????????????????
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?? 1???????LSECC?????kp = 2???????????? {00, 01, 10, 11}
?????????? LSECC???
LSECC1 = {000000, 010011, 101100, 111111} (6.3)
???????????????? 6???????????? 00, 01, 10, 11??????
?? 000000, 010011, 101100, 111111?????????????? 111111???????
?? 1????????LSECC1??????????????????????????
??????????LSECC1?????????Ne =6 C0 +6 C1 = 7????????
???Ns = 26−2 = 16????Ne ≤ Ns?????
??????????? 1????????????Relaxed-LSECC????????
??? LSECC???
LSECC2 = {00000, 01011, 10110, 11101} (6.4)
???????????????? 5???????????? 00, 01, 10, 11?????
??? 00000, 01011, 10110, 11101???????????????? 11111??????
LSECC2?????????Ne =5 C0+5 C1 = 6???????????Ns = 25−2 = 8?
???Ne ≤ Ns?????
??? 2 ?????????????????????????LSECC2 ?????
LSECC2????????????????????????????????????
??LSECC2? LSECC1???????????????
6.4 Relaxed-LSECC????REC??
??? n???? kp??????? t??????????????? {v0, . . . , v2kp−1}?
????kp?????????mi (0 ≥ i ≥ 2kp − 1)? n??????? vi??????
???????????? 1???? 11 · · · 1??? LSECC? (n, kp, 2t + 1)-LSECC??
???????????????? 1???? 11 · · · 1????? LSECC? (n, kp, 2t+ 1)-
relaxed-LSECC?????????kp? t???????(n, kp, 2t+1)-relaxed-LSECC??
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??? (n, kp, 2t+ 1)-LSECC?????????????
????????????????? a??????? x??????????????
a, x????? (n, kp, 2t + 1)???????????????????????? A =
{a0, . . . , a2r−1}???????????X = {x0, . . . , x2kr−1}????????r?????
??kr = kp − r????A?X?????????????????? v = a⊕ x????
???
?????????A??????????X??????????????(n, kp, 2t+1)-
relaxed-LSECC? LSECC????
6.4.1 ??????????
???? r ≥ 1????? kr = kp − r??????? kr?r? kr ≡ 0 (mod r)????n
??????????????A = {a0, . . . , a2r−1}????kp?????????????
?? Ma = {ma0, . . . ,ma2r−1}????mai (j)?mai ? j??????????????mai (0)
?mai ? LSB?mai (kp − 1) ?mai ?MSB?????????? ai????????mai ?
????????????
?????????A??????????
Step 1: 0 ≤ i < 2r−1?????mai ??? r???? i? 2??????????????
? kp = 6, r = 3????ma0 = 000***, ma1 = 001***, ma2 = 010***, ma3 = 011*** ?
???????*????????
Step 2: 0 ≤ i < 2r−1??????????mai ??? kr?? j???????????
mai (j) = m
a
i (kr + ⌊j × r/kr⌋) (6.5)
Step 3: 2r−1 ≤ i ≤ 2r − 1??????????mai ??????????
mai = m
a
2r−1−i (6.6)
?????????? kp?????????mai ??????????? n???????
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??? ai??????
? 6.2. kp = 6?r = 2?????kr = kp − r = 4????6?????????mai ???
?????????????
Step 1???ma0, ma1??? 2?????????????
ma0 = 00****
ma1 = 01**** (6.7)
????*????????
Step 2???ma0, ma1??? 4?????????????
ma0 = 000000
ma1 = 010011 (6.8)
Step 3???ma2, ma3?ma0, ma1????????????
ma2 = 101100
ma3 = 111111 (6.9)
?????????? 6?????????mai ??????????? n??????
??????????
6.4.2 ??????????
n??????????????X = {x0, . . . , x2kr−1}????kp??????????
????? Mx = {mx0 , . . . ,mx2kr−1}????mxi (j)?mxi ? j??????????????
mxi (0) ?mxi ? LSB?mxi (kp − 1) ?mxi ?MSB?????????? xi????????
mxi ?????????????
?????????X??????????
Step 1: mxi ??? r???? 0? 2????????????
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Step 2: mxi ??? kr???? i? 2????????????
?????????? kp?????????mxi ??????????? n???????
??? xi??????
? 6.3. kp = 6?r = 2?????kr = kp − r = 4????6?????????mxi ???
?????????????
Step 1???mx0 , . . . ,mx15??? 2?????????????
mx0 = 00****
mx1 = 00****
mx2 = 00****
...
mx15 = 00**** (6.10)
????*????????
Step 2???mx0 , . . . ,mx15??? 4?????????????
mx0 = 000000
mx1 = 000001
mx2 = 000010
...
mx15 = 001111 (6.11)
?????????? 6?????????mxi ??????????? n??????
???? xi??????
6.4.3 ????????????????
?????????????????????????????????
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?? 6.1. ?????????????????A??????????X???????
????? vi ∈ {v0, . . . , v2kp−1}? vi = a⊕ x (a ∈ A, x ∈ X)???????????
?? 6.1. ???????????????????????????????? a???
???? x?LSECC????????????a⊕x????LSECC??????????
??????????????? ai????????????????mai ??? r??
?????????????????????????????????? ai??? r??
????????????????????????? xi??? r??????? 0???
kr??????????????????
??????????? a??????? x????????????? a ⊕ x (a ∈ A?
x ∈ X)?????????? a⊕ x?????????? a??? 2r?????????
? 2kr ????????????2r × 2kr = 2r+kr = 2kp ????|LSECC| = 2kp ????
??LSECC???? vi? a⊕ x (a ∈ A?x ∈ X)???????? ✷
????LSECC????????? 1???????????????kp??????
???m = 11 · · · 1???? 11 · · · 1????????????????
?? 6.2. Ma????????????mai (0 ≤ i < 2r−1)??????????????
???????????????mai ????????????ma2r−1−i????????
??mai = ma2r−1−i??????
?? 6.2. mai ?Ma????????????????????mai ?6.4.1??Step1?Step2
????????Step3?????j = 2r − 1− i??????mai = maj ?????????
mai = m
a
2r−1−i?????? ✷
5.2???????????S = n−⌈kp/2⌉????S-???????G = (V,E)????
??r???????kr = kp−r??????????V ?????? ci (i = 0, . . . , (2kr−1))
????????????
ci = {a0 ⊕ xi, . . . , a2r−1 ⊕ xi} (6.12)
????????? 5.2??????????? (C1)–(C3)??????
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???????? C = {c0, . . . , c2kr−1}????ci, cj (i ̸= j)? S ??????? (F1),
(F2)???????ci, cj??????? e′ = (ci, cj)?????????????? e′??
??E ′??????????????????G′ = (C,E ′)?????????
?? 6.3. ???????????????????G′ = (C,E ′)??????????
?? 6.3. ?? 6.2????????mai = ma2r−1−i???????????? ai?????
???mai ?????????????????????????? ai??? kp????
?????mai ????
cj, cl????????? 2??????????ai ⊕ xj?ak ⊕ xl????????? cj?
cl??????????????????dH(ai ⊕ xj, ak ⊕ xl) ≤ n− ⌈kp/2⌉?????S?
??????G??????? e = (ai⊕xj, ak⊕xl)????????dH(ai⊕xj, ak⊕xl) >
n−⌈kp/2⌉???????? a2r−1−k⊕ xl????? cl??????????? a2r−1−k⊕ xl
?????? mak ?????????? ma2r−1−k ??????????????????
ak ⊕ xl??? kp??????? a2r−1−k ⊕ xl??? kp????????????????
???a2r−1−k ⊕ xl??? (n − kp)??????? ai ⊕ xj ??? (n − kp)???????
?????????????????? kp??????????? ⌊kp/2⌋????????
dH(ai⊕ xj, a2r−1−k ⊕ xl) > n− ⌈kp/2⌉?????????????????S??????
?G??????? e = (ai ⊕ xj, a2r−1−k ⊕ xl)?????
????????? ci? cl??????????????????????? S-???
??????????????????????????? ✷
6.5 Relaxed-REC??
kr ????????? D = {d0, . . . , d2kr−1}????????? G′ = (C,E ′)????
(n, kp, 2t+1)-relaxed-LSECC?G′ = (C,E ′)?????????????????????
??? ci ∈ C?? di ∈ D??????????????? ci ∈ C???????????
? di ∈ D?????????
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?? 5.1, 5.2, 6.3??????? ci????????????????? t????? di
????? di?????? vk??? dj?????? vl????? n−⌈kp/2⌉??????
?????????n?????kr?????2t + 1??????????r??????
???????????? (n, kr, 2t+ 1, r)-relaxed-REC??????
(n, kr, 2t+1, r)-relaxed-REC?????kr????? d? n?????????????
???t????????????????? kr????? d′?????????????
??? n−⌈kp/2⌉??????????????????? d′?????????? n??
?????????????????????????????????????????
????????????????6.6??????? r???????????????
?????????????????Relaced-REC????????????
1. n?????kr????? LSECC?????????Relaxed-REC???????
??????? (n− ⌈kp/2⌉)??? (?? 6.3??? 5.1)?
2. Relaxed-REC?????????? t?????? (?? 5.2)?
3. Relaxed-REC?????????????? REC?????????? (6.6? ?
6.1)?
????? Relaxed-LSECC?????????????? Relaxed-REC??????
??????????????REC??????????? 1??????? LSECC??
??????????????????????? ⌊n/2⌋?????? [23]???????
?Relaxed-REC??????????REC???????REC???????????
???? LSECC??????? Relaxed-REC??????????????? Relaxed-
LSECC?????????????Relaxed-REC?????????????? 6.6??
??????????????REC???????????
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6.6 ????
?????Relaxed-REC?????????????????????????????
?/?????????????
6.6.1 ?????
????????????????Relaxed-REC????????Relaxed-REC????
??(17, 8, 5, 1)-relaxed-REC?(19, 8, 5, 2)-relaxed-REC?(21, 8, 5, 4)-relaxed-REC?(26, 8, 5, 8)-
relaxed-REC????????? Relaxed-REC??????? (17, 9, 5)-relaxed-LSECC?
(19, 10, 5)-relaxed-LSECC?(21, 12, 5)-relaxed-LSECC?(26, 16, 5)-relaxed-LSECC????
?????????REC????? (23, 8, 5, 1)-REC?(25, 8, 5, 2)-REC?(29, 8, 5, 4)-REC?
(37, 8, 5, 8)-REC?????????REC??????????????? 1??????
? (23, 9, 5)-LSECC?(25, 10, 5)-LSECC?(29, 12, 5)-LSECC?(37, 16, 5)-LSECC?????
???
? 6.1???????????????????? kr = 8??????? t = 2????
?????????????????????????????????????????
?????????????????? 6.1???(37, 8, 5, 8)-REC?????????
????? 7.18??????? (26, 8, 5, 8)-relaxed-REC???? 5.18????????
??Relaxed-REC?????????????????????????????????
n− ⌈kp/2⌉??????????Relaxed-REC?????? 2r????????????
??r??????????????????????????????????????
?????????????????????????
6.6.2 ????????????
????????????????????????????MediaBench [26]? Sim-
pleScalar [1]???????????????????????????????????
???????????????????????
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? 6.1: ??????
???
n [???]
??????
t [???]
??????
???
??????
????
??????
????
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 20 2 20 5 10.0 (1.00)
(23, 8, 5, 1)-REC [23] 23 2 11 5 8.92 (0.89)
(17, 8, 5, 1)-relaxed-REC 17 2 8 5 6.77 (0.68)
(25, 8, 5, 2)-REC [23] 25 2 12 5 8.67 (0.87)
(19, 8, 5, 2)-relaxed-REC 19 2 9 5 6.89 (0.69)
(29, 8, 5, 4)-REC [23] 29 2 12 5 7.80 (0.78)
(21, 8, 5, 4)-relaxed-REC 21 2 9 5 6.41 (0.64)
(37, 8, 5, 8)-REC [23] 37 2 10 5 7.18 (0.72)
(26, 8, 5, 8)-relaxed-REC 26 2 8 5 5.83 (0.58)
? 6.2: ???????????????
adpcmE adpcmD epicE epicD g721E g721D
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 2,902,865 (1.00) 1,022,642 (1.00) 1,213,777 (1.00) 670,655 (1.00) 3,030,135 (1.00) 1,140,475 (1.00)
(23, 8, 5, 1)-REC 2,492,757 (0.86) 974,215 (0.95) 1,240,812 (1.02) 695,669 (1.04) 2,625,590 (0.87) 1,073,272 (0.94)
(25, 8, 5, 2)-REC 2,303,056 (0.79) 929,465 (0.91) 1,168,265 (0.96) 649,003 (0.97) 2,426,246 (0.80) 1,012,208 (0.89)
(29, 8, 5, 4)-REC 2,146,736 (0.74) 873,537 (0.85) 1,111,116 (0.92) 629,212 (0.94) 2,264,785 (0.75) 929,645 (0.82)
(37, 8, 5, 8)-REC 2,085,224 (0.72) 811,245 (0.79) 1,038,296 (0.86) 592,397 (0.88) 2,199,998 (0.73) 888,672 (0.78)
(17, 8, 5, 1)-relaxed-REC 2,046,513 (0.70) 767,730 (0.75) 985,159 (0.81) 563,423 (0.84) 2,159,348 (0.71) 847,269 (0.74)
(19, 8, 5, 2)-relaxed-REC 1,993,295 (0.69) 774,639 (0.76) 996,721 (0.82) 570,375 (0.85) 2,105,284 (0.69) 854,668 (0.75)
(21, 8, 5, 4)-relaxed-REC 1,862,289 (0.64) 736,402 (0.72) 937,886 (0.77) 537,731 (0.80) 1,965,608 (0.65) 792,833 (0.70)
(26, 8, 5, 8)-relaxed-REC 1,774,395 (0.61) 677,714 (0.66) 878,235 (0.72) 510,916 (0.76) 1,873,010 (0.62) 745,191 (0.65)
????????????????????????????? [51]??????? 6.2
???????(17, 8, 5, 1)-relaxed-REC???????????? (23, 8, 5, 1)-REC?
??????????????????? 20.6%???????????????(26, 8, 5,
8)-relaxed-REC???????????? (15, 7, 5)-BCH??+(5, 1, 5)????????
?????????????? 38.9%???????????????
6.6.3 ???????
?????????/???????????????Verilog HDL?????Synopsys
??Design Compiler???????????????????????????????
STARC90nm??????????/?????REC????????????????/
????????????????????????????MRAM?????????
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? 6.3: ???????????????
????? ????
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 0 1,808
(23, 8, 5, 1)-REC 512 147,456
(25, 8, 5, 2)-REC 3,072 327,684
(29, 8, 5, 4)-REC 20,480 1,572,880
(37, 8, 5, 8)-REC 589,824 33,554,688
(17, 8, 5, 1)-relaxed-REC 512 2,304
(19, 8, 5, 2)-relaxed-REC 3,072 5,124
(21, 8, 5, 4)-relaxed-REC 20,480 6,160
(26, 8, 5, 8)-relaxed-REC 589,824 16,640
? 6.4: ???????
????? [um2] ???? [um2] ?? [um2]
?? LUT ?? LUT
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 108.0 - 2.1 1,115 1,225
(23, 8, 5, 1)-REC 174.3 316 45.2 90,980 91,515
(25, 8, 5, 2)-REC 203.9 1,895 79.7 202,181 204,360
(29, 8, 5, 4)-REC 136.9 12,636 86.1 970,467 983,326
(37, 8, 5, 8)-REC 129.8 363,921 86.1 20,703,242 21,067,379
(17, 8, 5, 1)-relaxed-REC 245.5 316 79.7 1,421 2,062
(19, 8, 5, 2)-relaxed-REC 263.2 1,895 79.7 3,161 5,399
(21, 8, 5, 4)-relaxed-REC 264.6 12,636 86.1 3,800 16,787
(26, 8, 5, 8)-relaxed-REC 145.4 363,921 92.4 10,266 374,426
???????????????????????????MediaBench????????
????????????
??????????? 1?????????? 6.17× 10−1um2??? [10]??????
??????????? 6.3????????????????????????????
??????? 6.4????Relaxed-REC??????????????????????
??????????????????????? 305??????REC???????
?????????????? 17,000???????REC??????????????
??????
????????????????????????????????????????
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??? [51]??????Nr?Nw?Bw?????????????????????????
??????????????????????????????????? 100MHz?
MRAM??????MRAM? 1???????????????Er? 1.06× 10−15J/bit?
????????Ew? 2.60× 10−12J/bit??? [10]?? 6.5?????????????
????Nr?Nw????Bw?? 6.2???????Lc????????
BCH??+?????????????????????Et?? (6.13)??Relaxed-REC
???????????????????Et?? (6.14)???????????
Et = (Nr × Lc × Er) + (Bw × Ew) + Eo (6.13)
Et = {(Nr +Nw)× Lc × Er}+ (Bw × Ew) + Eo (6.14)
????????????????????????????????????????
?????????????/????????????????Relaxed-REC?????
?????????????????????????????????????????
????????????????/?????????????? (6.15)?????
Eo = Nw × (dE × Pdynamic,E + Pleakage,E/100MHz)
+ Nw × {(r + 1)× Er}
+ Nr × (dD × Pdynamic,D + Pleakage,D/100MHz)
+ Nr × {(kp + 1)× Er} (6.15)
dE ? dD???????????????????????Pdynamic,E ? Pdynamic,D???
??????????????????Pleakage,E?Pleakage,D??????????????
???????dE × Pdynamic,E?dD × Pdynamic,D ??????????/????????
?????????Pleakage,E/100MHz?Pleakage,D/100MHz??????????/????
???????????? [6]?? 6.6?????????????????????/???
?????????????????????????????????????????
????/?????????????????????????????????????
? 6.7????????????????(17, 8, 5, 1)-relaxed-REC??????????
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? 6.5: MediaBench?Nr?Nw?
adpcmE adpcmD epicE epicD g721E g721D
Nr 147,756 368,985 150,462 128,829 162,925 384,238
Nw 450,692 229,316 357,576 276,827 482,019 260,804
? 6.6: ?????/???????????????/????????/??????
????? ????
dE Pdynamic,E Pleakage,E dD Pdynamic,D Pleakage,D
[ns] [µW] [µW] [ns] [µW] [µW]
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 0.64 35.3 0.96 0.29 0.30 0.018
(23, 8, 5, 1)-REC 0.52 78.9 1.73 0.38 12.7 0.26
(25, 8, 5, 2)-REC 0.51 82.2 2.03 0.33 31.5 0.79
(29, 8, 5, 4)-REC 0.60 55.2 1.31 0.33 34.3 0.87
(37, 8, 5, 8)-REC 0.58 54.0 1.26 0.33 34.2 0.87
(17, 8, 5, 1)-relaxed-REC 0.50 109.9 2.46 0.33 31.8 0.79
(19, 8, 5, 2)-relaxed-REC 0.50 109.3 2.62 0.33 31.4 0.79
(21, 8, 5, 4)-relaxed-REC 0.50 114.3 2.64 0.33 33.9 0.87
(26, 8, 5, 8)-relaxed-REC 0.51 58.1 1.35 0.33 36.9 0.94
?? (23, 8, 5, 1)-REC???????????????????? 20.0%????????
????(26, 8, 5, 8)-relaxed-REC???????????? (15, 7, 5)-BCH??+(5, 1, 5)
?????????????????????? 38.3%????????????
6.7 ??????
????????????? 1???? 11 · · · 1????????Relaxed-??????
????????Relaxed-REC??????????????????????????
???????? n??????????????????? kp???????????
??????????????????? n−⌈kp/2⌉?????????????????
?????????????????????Relaxed-REC?????????????
????????????????????REC??????????????????
20.0%?BCH?????????????????????????????? 38.3%??
??????????
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? 6.7: ??????????? (???nJ)?
adpcmE adpcmD epicE epicD g721E g721D
??? 3.1 7.8 3.2 2.7 3.5 8.1
(15, 7, 5)-BCH?? ??? 7,547.4 2,658.9 3,155.8 1,743.7 7,878.4 2,965.2
+ (5, 1, 5)???? ??????? 15.8 10.6 12.8 10.1 17.0 11.8
?? 7,566.4 (1.00) 2,677.3 (1.00) 3,171.9 (1.00) 1,756.5 (1.00) 7,898.8 (1.00) 2,985.1 (1.00)
??? 14.6 9.0 3.7 3.1 4.0 9.4
(23, 8, 5, 1)-REC ??? 6,481.2 2,533.0 3,226.1 1,808.7 6,826.5 2,790.5
??????? 29.6 19.7 24.0 18.8 31.7 21.9
?? 6,525.3 (0.86) 2,561.7 (0.96) 3,253.8 (1.03) 1,830.7 (1.04) 6,862.2 (0.87) 2,821.8 (0.95)
??? 15.9 9.8 4.0 3.4 4.3 10.2
(25, 8, 5, 2)-REC ??? 5,987.9 2,416.6 3,037.5 1,687.4 6,308.2 2,631.7
??????? 33.9 25.1 27.8 21.9 36.4 27.6
?? 6,037.7 (0.80) 2,451.5 (0.92) 3,069.3 (0.97) 1,712.7 (0.98) 6,349.0 (0.80) 2,669.5 (0.89)
??? 18.4 11.3 4.6 4.0 5.0 11.8
(29, 8, 5, 4)-REC ??? 5,581.5 2,271.2 2,888.9 1,636.0 5,888.4 2,417.1
??????? 27.9 22.6 23.1 18.2 30.0 24.7
?? 5,627.8 (0.74) 2,305.1 (0.86) 2,916.6 (0.92) 1,658.1 (0.94) 5,923.4 (0.75) 2,453.5 (0.82)
??? 23.5 14.5 5.9 5.1 6.4 15.1
(37, 8, 5, 8)-REC ??? 5,421.6 2,109.2 2,699.6 1,540.2 5,720.0 2,310.5
??????? 28.8 23.0 23.8 18.8 30.9 25.1
?? 5,473.8 (0.72) 2,146.7 (0.80) 2,729.2 (0.86) 1,564.0 (0.89) 5,757.3 (0.73) 2,350.8 (0.79)
??? 10.8 6.6 2.7 2.3 2.9 6.9
(17, 8, 5, 1)-relaxed-REC ??? 5,320.9 1,996.1 2,561.4 1,464.9 5,614.3 2,202.9
??????? 40.8 28.6 33.2 26.1 43.7 31.6
?? 5,372.5 (0.71) 2,031.4 (0.76) 2,597.4 (0.82) 1,493.3 (0.85) 5,661.0 (0.72) 2,241.4 (0.75)
??? 12.1 7.4 3.0 2.6 3.3 7.7
(19, 8, 5, 2)-relaxed-REC ??? 5,182.6 2,014.1 2,591.5 1,483.0 5,473.7 2,222.1
??????? 42.3 29.4 34.5 27.0 45.4 32.5
?? 5,236.9 (0.69) 2,050.9 (0.77) 2,629.0 (0.83) 1,512.6 (0.86) 5,522.4 (0.70) 2,262.4 (0.76)
??? 13.3 8.2 3.3 2.9 3.6 8.6
(21, 8, 5, 4)-relaxed-REC ??? 4,842.0 1,914.6 2,438.5 1,398.1 5,110.6 2,061.4
??????? 44.7 31.1 36.4 28.5 48.0 34.3
?? 4,900.0 (0.65) 1,953.9 (0.73) 2,478.3 (0.78) 1,429.5 (0.81) 5,162.2 (0.65) 2,104.3 (0.70)
??? 16.5 10.2 4.1 3.6 4.5 10.6
(26, 8, 5, 8)-relaxed-REC ??? 4,613.4 1,762.1 2,283.4 1,328.4 4,869.8 1,937.5
??????? 28.6 23.4 23.7 18.7 30.8 25.6
?? 4,658.6 (0.62) 1,795.6 (0.67) 2,311.3 (0.73) 1,350.7 (0.77) 4,905.1 (0.62) 1,973.6 (0.66)
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????????????????????????????????????????
????
? 2??????????????????????????????????????
???????????????? 1???? Early Write Termination????????
??????????????????Early Write Termination?Flip-N-Write?????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????
? 3??????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
??????????????????????????????????????? (?
???)?????????????????????????????????????
?????????????????????????????????????????
?????????
????????????????????????????????????????
??????????????????????????????????????????
?????????????????????????????????????? 35.7%
?????????????????????????????????????????
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???????/?????????????????????????????????
?????????????????????????????????????????
??????????????????????? 35.7%???????????????
?????????????????????????????????????????
? 4??????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
????????????????????????
????????????????????????????????????????
?????????????????????????????????????????
????????????????????????????????? 57.1%?????
????????????????????????????????????????/
?????????????????????????????????????????
?????????????????????????????????????????
???????????? 56.8%????????????
? 5??REC?????????????????????????????????
???REC???????????????????????????????????
????????????????????????? 1????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????REC??????REC?????????????????????????
?????????????????????????????????????????
?????????????
REC?????????????????????????????????????
???????????????????????????REC???????????
??????BCH????????????????????????????????
??????????????? 28.2%????????REC?????????????
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?????????/????????????????????????????????
???????????????REC?????????????????BCH????
??????????????????????????????? 27.5%???????
?????REC?????????????????????????????????
????????? REC?????????????????????????????
????????????????? 1???? 11 · · · 1???????????????
??REC????????????????????????????????
? 6??Relaxed-REC??????REC????????????????????
????Relaxed-REC????????Relaxed-REC????????????????
????????? 1???? 11 · · · 1???????????REC??????????
?????????????????????????????Relaxed-REC??????
?????????????????????????????????? Relaxed-REC
?????????????????????????????????????????
????????????????????????????
Relaxed-REC?????????????????????????????????
???????????????????????????????Relaxed-REC????
??????????BCH????????????????????????????
??????????????????? 38.9%????????Relaxed-REC?????
?????????????????/???????????????????????
????????????????????????Relaxed-REC???????????
???BCH???????????????????????????????????
38.3%????????????
? 7.1????????????????????? 7.1???Relaxed-REC?????
?????????????????????????????????????????
Relaxed-REC??????????????????????????????????
???????????Relaxed-REC???????????????????????
???/???????????
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? 7.1: ?????????
??? ??? ??????
??????
????
??????
????
??????
????
(7, 4, 3)?????? 7 4 1 7 3 3.50 (1.00)
???????? 9 4 1 6 3 4.50 (1.29)
????? 10 4 1–2 4 3 3.25 (0.93)
(9, 4, 3, 1)-REC 9 4 1 4 3 3.25 (0.93)
(10, 4, 3, 2)-REC 10 4 1 4 3 3.12 (0.89)
(12, 4, 3, 4)-REC 12 4 1 4 3 2.93 (0.83)
(15, 7, 5)-BCH?? +
(5, 1, 5)???? 20 8 2 20 5 10.0 (1.00)
(23, 8, 5, 1)-REC 23 8 2 11 5 8.92 (0.89)
(25, 8, 5, 2)-REC 25 8 2 12 5 8.67 (0.87)
(29, 8, 5, 4)-REC 29 8 2 12 5 7.80 (0.78)
(37, 8, 5, 8)-REC 37 8 2 10 5 7.18 (0.72)
(17, 8, 5, 1)-relaxed-REC 17 8 2 8 5 6.77 (0.68)
(19, 8, 5, 2)-relaxed-REC 19 8 2 9 5 6.89 (0.69)
(21, 8, 5, 4)-relaxed-REC 21 8 2 9 5 6.41 (0.64)
(26, 8, 5, 8)-relaxed-REC 26 8 2 8 5 5.83 (0.58)
????????????????????????????????????????
??????????????????????????????????????????
?? SRAM??????????MRAM??????????????????????
??????????MRAM???????????SRAM?MRAM????????
????????????? SRAM????????????????MRAM????
???????????????????SRAM??????????MRAM?????
??????? 30?????????????????????????????????
??????????????????????? 30????????????????
??????????????????????????????????(15, 7, 5)-BCH
??+(5, 1, 5)????? (37, 8, 5, 8)-REC???????????? 1.85??????
?????????????????????????????????? 30?????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???MRAM???????????????????? 1/1000???????????
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???????????????????????MRAM????????????? 0
?????????????????????????????????????????
?????????????????????????????????
?????????????
????????MRAM
???????????? 1?????????????????????????
??????????1????????????????????????????
???? [48]??????????MRAM???????????MRAM????
?????????1?????????????????????????????
????MRAM??????????????????????????????
????????????????????MRAM??????????????
??????????????????????MRAM????????????
??????????????????????????????
??????????????????????????????????????
???????????????MRAM???????????????????
?????????????????????????MRAM?????????
???????????????? 4??????? 1?????????????
????????????MRAM??????????????????????
??????????????????
????
???????????????????????????????????????
???????????????????????????????SRAM?MRAM
??????????????????????????????????????
??????????????????????????????????????
???????????????????
????????????
???????????????????????????????????????
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